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Preface 



We are in the midst of major advances in medical imaging, converting static pre- 
sentation of anatomic information into near real-time interactive imaging and 
displays capable of depicting both structure and function. This will have pro- 
found impact on diagnosis and image-guided therapies. 

These advances have been most notable in the modalities of computed tomog- 
raphy and magnetic resonance. These technologies have become capable of ac- 
quiring volumetric images in short periods of time. Speed gains in MRI were very 
significant in the early 1990s with the development of clinically usable pulse se- 
quences for gradient-recalled and echo-planar imaging. It appears that further 
speed gains in MRI will be difficult to achieve. 

The development of spiral CT has ushered in an era in which major speed 
gains in CT are also possible. This has enabled creation of new types of applica- 
tions such as CT angiography, which has already come to replace catheter angio- 
graphy at many medical centers throughout the world. We are very pleased that 
the results from industrial and academic laboratories have been transferred to 
the bedside to improve patient care at a speed that maybe faster than in any other 
area of medicine. 

Concurrent with advances in CT technology there have been dramatic strides 
in the performance characteristics and costs of computer hardware and software. 
The combination of volumetric high-speed CT and enhanced computer graphics 
permits developments of novel applications such as virtual CT colonoscopy and 
virtual CT bronchoscopy. The general theme of these applications is to develop 
CT-based techniques that will screen patients so that only those who will benefit 
will proceed to the “real” invasive procedures. The potential importance of this 
work is very major, since a large number of patients undergoing colonoscopy or 
bronchoscopy present no abnormal findings. 

Furthermore, advances in the use of genetic screening to identify subsets of 
patients who are at high risk for developing cancers will result in a greater need 
for anatomic localization of malignant disease using non-invasive methods. Fi- 
nally, we are aware of developments using multiple rows of detectors which will 
further improve volumetric CT data acquisition. 

There have been no national boundaries in the creation of these advances, and 
therefore the 4^^ International Somatom Plus CT Scientific User Conference, held 
in Rotterdam on 6-7 March 1998, assembled a distinguished international facul- 
ty. Recognizing further the international flavor of the meeting, we expanded the 
hosting of the conference to include two universities, Erasmus and Stanford, 
which are separated geographically but linked by a spirit of discovery, innovation 
and education. 
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Preface 



We are happy to present the proceedings of this conference and are grateful to 
Siemens Medical Systems for their continuing support as well as to Springer- Ver- 
lag for the prompt and professional publication. We very much look forward to 
the next Somatom Plus User Conference to hear of the improved patient care re- 
sulting from continued technological innovation and clinical development. 



Rotterdam, The Netherlands, April 1998 Gabriel P. Krestin, M. D., Ph. D. 

Stanford, USA, April 1998 Gary M. Glazer, M. D. 
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Chapter 1 



1 Relationships Between Time, Dose, and Quality 
in Helical CT 

L. Van Hoe, S. Van de Straete, H. Bosmans, G. Marchal 



1.1 

Introduction 

Helical computed tomography (CT) constitutes an evolution of conventional (in- 
cremental) CT and offers marked advantages with respect to image quality and 
speed. In physical terms, image quality can be described by the spatial resolution, 
the low contrast visibility, and the signal-to-noise ratio. In clinical practice, the 
degree of confidence in detecting or excluding disease is more generally used to 
set up specific procedures. Any optimization, however, should take account of the 
ALARA principle, and the relationship between image quality, acquisition time, 
and dose therefore needs to be carefully studied. 

A series of parameters have an influence on the image quality of a helical CT 
image, including the total acquisition time, the scanned volume and the number 
of scans per volume, the table feed/coUimation (or pitch), the filtration of the X- 
ray spectrum, the efficiency of the detector and its configuration, the resolution 
of the monitor for image display, and the selection of look-up tables for printing. 
The quality of post-processed images (e.g., three-dimensional renderings) de- 
pends on many parameters, such as the image reconstruction interval, appropri- 
ate selection of threshold, and appropriate automated or manual image editing. 

Short examination times allow for breath-hold scanning (thus eliminating data 
gaps caused by respiratory misregistration) and for an optimal use of intravenous 
contrast media. Short examination times can be obtained by using a short rotation 
time (e.g., 0.75 s),by selecting a large collimation and table feed, or by reducing the 
volume covered. Since the volume to be examined is usually fixed and determined 
by the clinical question, tradeoffs exist between longitudinal spatial resolution and 
in-plane contrast resolution on the one hand and imaging time on the other. 

The selection of the ratio of table feed to collimation (i.e., pitch) should be 
optimized in order to keep the degree of SSP broadening as low as possible and 
to avoid rotation- or stair-step artifacts specific for helical CT. On the other hand, 
higher pitches significantly reduce the total dose per scan. 

A practical issue that should be discussed is the need to adapt acquisition pro- 
tocols to the expected patterns of contrast uptake of organs and lesions (e.g., 
necessity of dual- or multiphase contrast-enhanced scanning). Again, a tradeoff 
exists between the maximum number of scans per volume and per time unit on 
the one hand and resolution on the other. 

The purpose of this study was twofold. First, in a physical study, we used a low 
contrast phantom (Siemens, Erlangen, Germany) to analyze the influence of radi- 
ation dose reduction on low contrast visibility. Second, in a clinical study, we at- 
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tempted to develop a flow chart for radiation dose reduction in abdominal heli- 
cal CT based on measurement of the abdominal perimeter. 

1.2 

Materials and Methods 

1 . 2.1 

Experimental Study 

The low contrast phantom was scanned using a Siemens Somatom Plus 4 helical 
CT scanner. The parameters studied were the voltage (140 vs. 120 kV), the rota- 
tion time (0.75, 1.5 s), and the mA value (360, 240, 171, 111, 60, and 43 mA). The 
influence of these parameters on object conspicuity was determined. 

1.2.2 

Clinical Study 

The clinical study was performed in 120 randomly chosen patients referred for 
an upper abdominal helical CT study. Before the acquisition, the abdominal pe- 
rimeter was measured at the level of the umbilicus. The patients were divided 
into four groups (I-IV). In each group, different tube currents were used: 240, 
171,111, and 60 mA. A tube current of 240 mA used to be the routine value in our 
department. 

Further parameters were voltage (140 kV), rotation time (0.75 s), slice thick- 
ness and table feed (8 mm/12 mm), window setting (enhanced scans: window 
width 350 HU, window level 50 HU; unenhanced scans: window width 350 HU, 
window level 0 HU). 

Four images per patient were selected for further evaluation at the level of the 
hepatic veins, the portal vein, the pancreatic body, and the renal hilum. Images 
were scored independently by five radiologists using the following subjective 
gradings for image quality, delineation of contours and conspicuity of focal 
structures or lesions: 1, unsatisfactory; 2, satisfactory; 3, good; 4, optimal results. 
The five scores per patient and per slice were added, and an average score was cal- 
culated from the scores assigned to each of the four separate images. In this way, 
the final total score ranges between 5 and 20. This score was analyzed as a func- 
tion of the dose and the patient’s perimeter. 

1.3 

Results 

1.3.1 

Experimental Study 

The experimental study showed no surprising results. As could be predicted [1, 
2], there was a nonlinear relationship between object size, dose, and conspicuity. 
All objects were visible with the following parameters: rotation time 0.75 s, 
140 kV, and 360 mA. Using 240 mA and with unchanged values of the other pa- 
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rameters, the 3-mm objects became nearly invisible; at 1 1 1 mA, 4-mm objects be- 
came invisible (see Fig. 1.1). 

1.3.2 

Clinical Study 

Surprisingly, we found no statistically significant influence of the patient’s perim- 
eter. The mean scores as a function of the mA value used are given in Fig. 1.2. 
Even the image quality in the third group (using only 111 mA) was scored as 
“good.” There were no statistically significant differences between the scores of 
group 1 and group II {p value, 0.147). Statistically significant differences were 
seen between the scores of patients scanned at 240 and at 171 mA on the one 
hand and at 1 1 1 and 60 mA on the other hand. 

1.4 

Conclusion 




Fig. l.la-d. Low-contrast phantom scanned with four different mA values: a 360, b 240, c 171, 
and dm mA. Even at the high mA setting, the smallest objects are rather unsharp (arrows) 
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Fig. l.lb-d. Low-contrast phantom scanned with four different mA values: b 240, c 171, and 
dill mA. Even at the high mA setting, the smallest objects are rather unsharp 
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Fig. 1.2. Abdominal helical CT: relationship between mA value and subjective image quality 
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Many parameters affect image quality in helical CT. We tried to reduce the radia- 
tion dose in abdominal helical CT by calculating the optimal dose as a function 
of the patient’s perimeter. Unfortunately, no such method could be developed be- 
cause the patient’s perimeter was not an important determinant of image quality 
at a given dose. 

A second conclusion from this study was that even a remarkable reduction of 
radiation doses (e.g., Ill mA vs. 240 mA, 46% of the original value) still gave rise 
to a “good” (subjective) image quality. This result suggests that mAs values could 
be significantly reduced in a clinical setting. 

The phantom study, however, enabled us to put these results into perspective. 
The tests illustrate that too much noise is detrimental for the signal-to-noise ratio 
and low contrast visibility. The reduction of radiation dose led to a dramatic 
decrease in conspicuity of small, low-contrast lesions. It could therefore be 
argued that the low mA setting should be used for screening studies only, and not 
for dedicated studies of the liver or pancreas, for instance. 
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Chapter 2 



2 Improvement of CT Performance 
by UFC Detector Technology 
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2.1 

Introduction 

Since the early days of computed tomography (CT), solid state detectors have 
been used to detect the X-ray radiation transmitted through the patient’s body. 
These detectors have been based on the combination of classical scintillators 
with photodetectors, e.g., Nal with photomultipliers or Csl (CdW 04 ) with photo- 
diodes. Early CT scanners were of the rotate-rotate type with pulsed radiation 
and change of the direction of rotation from scan to scan. 

With the advent of slip-ring technology, continuous radiation, and spiral im- 
aging [1], these classical scintillators became obsolete, mainly due to their slow 
temporal response, afterglow, and radiation drift. Xenon detectors were the ideal 
alternative as they combine fast response and high X-ray absorption. Optimized 
Xenon detectors (high gas pressure and deep chambers) allow spiral imaging at 
high spatial resolution(high sampling density, fast response) and excellent low 
contrast resolution (high X-ray efficiency) without artifacts due to insufficient 
detector response. The first subsecond (750 ms) scanner - the Siemens Somatom 
Plus 4, introduced in 1994 - also relied on Xenon detectors due to the advantages 
mentioned above. 

The challenge for the next generation of solid state detectors was to overcome 
the limitations of the known scintillators and at the same time to realize advan- 
tages over Xenon detectors for improved clinical performance in subsecond spi- 
ral imaging. This goal has been achieved by a comprehensive material research 
which resulted in the development of a scintillating ceramics, the ultrafast ceram- 
ics (UFC) scintillator. 

2.2 

UFC Detectors: Design Goal 

The clinical demands for modern CT scanners are their ability to perform long 
spirals or multispirals in rapid succession without interruptions due to tube cool- 
ing and with excellent image quality. Dose savings without compromising image 
noise are an important requirement in view of recent discussions on dose recom- 
mendations which are under development in several countries of the European 
Union. On the other hand, the CT system must offer an ample dose to obtain a re- 
liable diagnosis in obese patients. Yet another requirement is the scanning of an- 
atomical volumes with narrow slice collimation for the detection of small lesions 
and for the identification of small structures in three-dimensional representations. 
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A core component to achieve such demands is the efficiency of the detection 
system, including low noise readout electronics. The dose efficiency of the CT 
scanner determines the amount of radiation necessary to achieve a certain noise 
level in the CT image. Closely related to image noise is the low contrast detectabil- 
ity: the contrast of a lesion needed for its detection in a noisy image is directly 
proportional to noise. The overwhelming majority of diagnostic medical applica- 
tions of CT requires optimum low contrast detectability for a certain applied 
dose. The most important design criterion is therefore dose efficiency, which we 
will discuss first. 

2.2.1 

Dose Efficiency 

The most obvious factor contributing to dose efficiency is the geometric efficien- 
cy of the detector. The geometric efficiency is defined as the ratio of the active 
area to the total area of a single element of the detector array. This ratio is small- 
er than 1 due to dead spaces between elements needed for (optical) separation 
and antiscatter collimators. It is important to realize that the geometric efficien- 
cy is determined by the "fine art” of mechanics. For state-of-the-art designs, a 
geometric efficiency of about 80% is standard. 

The second most obvious factor contributing to dose efficiency is the X-ray 
absorption efficiency. From solid state physics, we can conclude that once a scin- 
tillator of sufficiently high atomic number is employed, an absorption efficiency 
of well above 90% will be achieved (for the X-ray energies used in CT). 

The question that naturally arises in this context concerns the differentiating 
elements of the UFC detector. The most important answers to this question are: 
The UFC material features an extremely high light output per absorbed X-ray 
photon. The efficient optical coupling to photodiodes converts the scintillation 
light into electrical signals with minimum losses. These signals are directly con- 
verted into image information, as no further noise-enhancing correction proce- 
dures need to be applied; this is because the UFC has the fastest decay and virtu- 
ally no afterglow compared to other scintillators used in CT scanners, no radia- 
tion drift is present (at least at the exposure levels of CT), and scattered radiation 
is practically eliminated. Finally, due to the minimum dead time of the read- 
out electronics, virtually all absorbed X-ray photons are used for image forma- 
tion. 

Summarizing the above discussion, the UFC achieves its outstanding efficien- 
cy by optimizing the whole chain of information transfer from X-ray absorption 
to the final clinical image. Highest signal-to-noise ratio is maintained by careful- 
ly balancing the chemistry of the scintillator and by avoiding any signal losses 
and any noise-enhancing signal corrections. 

The excellent dose efficiency which is thereby achieved is demonstrated by 
measurements of the noise in a 20-cm water phantom. Figure 2.1 compares the 
image noise as a function of dose for the same scanner equipped with a Xenon 
detector and a UFC detector, respectively. The quality factor used for the compar- 
ison in Fig. 2.1 is defined as the product of image noise with the square root of 
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Fig. 2.1. Quality factor as a function of dose for a scanner with a Xenon and with a UFC detector, 
respectively. (Data by courtesy of Professor W. Kalender, Erlangen, Germany) 



the applied dose. Obviously, over a wide range of dose values, this quality factor 
is independent of dose, indicating that image noise is solely determined by quan- 
tum noise. This finding is important to prove that there are no other sources of 
system noise to detoriate image quality. 

Using the UFC detector, an average decrease of noise of about 15% is observed 
for the same dose, which amounts to a dose saving of about 30% for equal image 
noise. Corresponding improvements of low contrast detectability and spiral per- 
formance are discussed in Sect. 2.3 below. 

2.2.2 

High Contrast Resolution 

Figure 2.2 demonstrates the spatial resolution capabilities of the UFC system. 
The limiting resolution for the case of negligible noise is illustrated by the graph 
of the modulation transfer function (MTF) in Fig. 2.2a from measurements with 
a thin wire phantom in air. The (unmeasurable) cutoff frequency of 18.6 Ip/cm is 
determined by the aperture of the detector elements and by the geometry of the 
scanner. The usual measure of the spatial resolution, the frequency for the 2% 
MTF value, is seen in Fig. 2a to be about 17 Ip/cm. According to the Rayleigh cri- 
terion, the spatial resolution related to this frequency is about 0.29 mm. A more 
intuitive illustration of spatial resolution is given in Fig. 2b: an image of the high 
contrast resolution section of the Catphan (commercial phantom; Phantom La- 
boratory, POB 511, Salem, New York, USA, 12865-0511). The bar pattern for 
16 Ip/cm is clearly resolved, and the pattern for the limiting resolution is signif- 
icantly corrupted by noise. 
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Fig. 2.2. a The modulation transfer function (MTF) of a Somatom Plus 4, UFC, for the high reso- 
lution kernel AH93 



2.2.3 

CT Number Stability 

An important feature of high-performance spiral scanners is the stability of the 
CT numbers in long spirals or in multispirals. Due to practically no radiation 
drift and to extremely low afterglow, the UFC detectors guarantee this stability 
even under extreme conditions. Repeated test series with continuous serial imag- 
ing at high X-ray power over 100 s proved the extraordinary stability. CT num- 
bers of the first and last image (20-cm water phantom) of multiple 100-s series 
differ by a fraction of 1 HU, only which is well within the statistical uncertainties. 

2.3 

Practical Considerations 



The improved dose efficiency of the UFC system as compared to Xenon systems 
can be employed in two different ways in practice 
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Fig. 2.2. b Image of the high contrast resolution insert of the Catphan (Somatom Plus 4, UFC, 
AH93) 

1. For the same patient dose, a significant reduction of image noise and a corre- 
spondingly improved low contrast detectability can be achieved. 

2. For a comparable image quality, the patient dose can be significantly de- 
creased, thereby also reducing the tube load and increasing the tube life. Since 
the tube load decreases nonlinearly with decreasing tube current, the spiral 
performance in terms of demanding protocols in rapid succession is improved 
considerably. 

In the following, we shall illustrate these issues by means of some examples. The 
specifications of the low contrast detectability of Somatom Plus 4 systems are 
shown in Fig. 2.3 compared to those of another scanner equipped with ceramic 
scintillation detectors. For the same size (5 mm) and the same contrast (3 HU) of 
the object (low contrast insert of the Catphan, 20 cm diameter; Phantom Labora- 
tory, Salem, USA), the UFC system obviously allows for a remarkably low dose of 
only 20 mGy. 

The dose values quoted in Fig. 2.3 are taken from measurements with a pencil 
ionization chamber (length, 100 mm) positioned on top of the Catphan phantom. 
For the same low contrast detectability, the Quantillarc system needs about 30% 
more dose, reflecting the results of Fig. 2.1 on noise reduction due to the dose 
efficiency of the UFC. The other scanner also equipped with solid state detectors 
needs 45% more dose. 

These facts underline the comments made on dose efficiency in the preceding 
section. To beat the efficiency of optimized Xenon systems by solid state detector 
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systems, a careful design and tuning of the various steps involved in converting 
absorbed X-rays into image information is required. The X-ray power needed for 
the specified dose (also given in Fig. 2.3) is determined by additional factors such 
as the scanner’s geometry. 

The dose efficiency also limits the image quality of long volume scans. This is 
illustrated in Fig. 2.4 for the same CT systems as in Fig. 2.3. The graphs in Fig. 2.4 
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Fig. 2.4. Spiral scan times and maximum possible mAs settings. See text for further details 
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show the maximum possible mAs values as a function of the total scan time. 
Spiral imaging at the specified low contrast detectability requires mAs settings 
above the gray hatched area of Fig. 2.4. Obviously, the UFC system is capable of 
scanning demanding spiral protocols at the specified image quality. 

2.4 

Conclusions 

It has been shown that the UFC detector technology has made an important con- 
tribution to significantly increase the dose efficiency of modern CT scanners. 
In clinical practice this outstanding efficiency can be employed in two ways: 
Without compromising image quality dose savings of about 30% can be real- 
ized. The resulting lower tube current facilitates longer spiral runs, minimizes 
tube cooling times and increases tube life. 

On the other hand, the image quality, especially the low contrast detectability, 
can be significantly improved by keeping the patient dose constant. Furthermore 
the axial resolution may be enhanced by using narrower slice widths. 

The UFC detectors fully support subsecond scanning; in combination with the 
flying focal spot technique, the limits for high contrast resolution could be ex- 
tended significantly. Finally, the UFC material is completely nontoxic, adding to 
environmental safety and to the protection of future detector technologies based 
on UFC. 

In the context of dose savings, it should be mentioned that a dose modulation, 
adapted to the individual patient’s geometry, provides another significant poten- 
tial to reduce patient dose by as much as 40% [2] (see also Chap. 2, this volume). 
Combining both technologies, an overall dose reduction by a factor of 2 is well 
within the realm of modern CT technologies. 
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Abstract 

Computed tomography significantly contributes to the radiation exposure of the 
population of western countries. As compared to conventional radiography, an 
increase in dose by factors of up to 100 has been reported. With respect to spiral 
CT, the discussion focuses on a potential dose increase by bi- or triphasic exam- 
inations and the tendency to use smaller slice collimation. This chapter will give 
an outline how a conscientious choice of scanning protocols may dramatically re- 
duce the radiation exposure to the patient (even with the standard Xenon detec- 
tor) without having to sacrifice diagnostic accuracy. This can be achieved by in- 
dividualizing mAs settings dependent on patient diameter, by choosing a pitch 
factor > 1.5, and by considering the influence of the raw data interpolation and 
image reconstruction on spatial resolution and image noise. Concerning the 
trade-off between spatial resolution and dose requirements, a little less sharpness 
will in many cases mean a lot less dose to the patients’ algorithms. 

3.1 

Introduction 

CT significantly contributes to the radiation exposure of the population of West- 
ern countries. In Great Britain, CT accounted for only 2% of the total number of 
X-ray examinations but was responsible for 20% of the radiation exposure due to 
diagnostic medial examinations [13, 14]. As compared to conventional radiogra- 
phy, an increase in dose by factors of up to 100 has been reported [16]. Dependent 
on the scan parameters, a chest CT will cause an organ dose to the breasts of up 
to 20 mSv. This dose exceeds the radiation exposure due to a single mammogram 
by a factor of 10 [15]. 

With respect to spiral CT, there is a fear that the increased use of bi- or triphas- 
ic examinations [9] and the tendency to use smaller slice collimation will lead to 
a marked further increase in radiation exposure. 

Thus there is a strong need for a conscientious choice of scan parameters in 
order not to cause an unnecessary radiation hazard to patients. It is therefore 
important to know how the various scan parameters influence the two major cri- 
teria of image quality, image noise and spatial resolution. 
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3.2 

Material and Methods 

In order to quantify the influence of scan parameters on image noise and spatial 
resolution, we performed various phantom experiments on the Somatom Plus 
4 A (Xenon detector) and correlated our results with a brief patient study. 

3.2.1 

CTDI Measurements 

In order to be able to compare the exposure with varying slice thickness and kVp 
settings, we performed CTDI measurements (in air) using an pencil ionization 
chamber of 14 cm in length (PTW, Freiburg), positioned at the center of the gant- 
ry, and we repeated each measurement five times. Dose measurements were per- 
formed at three different mAs settings for each slice collimation. Measurements 
were repeated for 80kVp, 120 kVp, and 140 kVp. 

3.2.2 

Phantom Experiments 

Noise Measurements. For the measurement of the influence of slice collimation, 
raw data interpolation, pitch factor, and reconstruction algorithm, we performed 
measurements using circular water phantoms of 10 cm, 20 cm, and 30 cm in di- 
ameter. 

Our standard parameter set was as follows: 120kVp, 3-mm slice collimation, 
pitch 1,1s tube rotation, an AB50 filter kernel, and“slim2” raw data interpolation. 
A 30-cm phantom was used if not mentioned otherwise. Depending on the ex- 
periment, various scan parameters were altered. 

Since the 360°LI interpolation includes data from two rotations for calculating 
one image, we reconstructed images every second rotation in order to gain inde- 
pendent data sets for noise measurements. For each set of scan parameters, five 
images were reconstructed. 

Image noise is not distributed homogeneously over the cross-sectional area of 
the phantom [12]. Thus we measured noise in two regions of interest (ROIs at op- 
posing sides of the phantom) close to the periphery and two ROIs close to the 
center of the phantom and averaged the values for each pair of ROIs. 

Spatial Resolution Measurements. The spatial resolution was determined using a 
small lead bead (diameter, <0.2 mm) as a delta impulse (e.g., [1]). CT number 
profiles through the center of the bead yield the point spread function in all three 
spatial dimensions. After signal normalization, this point spread function direct- 
ly converts into the slice sensitivity profile for the z-direction, while its Fourier 
transform in the x-direction yields the MTF (within the scan plane). 

Spiral scans were performed with a slice collimation of 1, 2, 3, 5, 7, and 10 mm 
and a pitch of 1. For 3-mm collimation, the pitch factor was varied from 1 to 3, 
and all available raw data interpolation algorithms were employed. The recon- 
struction interval was chosen as at least one tenth of the table feed (0.1 -0.3 mm). 
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3.2.3 

Patient Studies 

A total of 25 patients with various imaging studies of the chest and abdomen 
were selected arbitrarily. From each spiral study, single images at the following 
levels were selected for noise measurements: shoulders, mediastinum at the pul- 
monary hila, center of the diaphragm, liver hilum, abdomen just above the pelvic 
bones, and small pelvis. The images were chosen so that no artifacts from breath- 
ing, pulsation, or contrast application were visible. 

At each level, noise measurements were performed in multiple homogenous 
ROI of at least 1 cm^ that were placed as close as possible to the center of the pa- 
tient. The median number was determined for each level. 

These test images were printed on laser film (43 X 35 cm, 12 on each) in ran- 
dom order. Four staff radiologists with more than 5 years of experience in CT 
evaluation were asked to rate each image on a 5-point scale (1 = excellent to 
5 = diagnostically inadequate) with respect to the image noise, definition/sharp- 
ness of contours, and image contrast. 

3.2.4 

Display Noise 

In order to test the hypothesis that the window width is a major contributing fac- 
tor to the subjective perception of image noise, even at soft tissue window set- 
tings, we normalized the pixel noise <7 (standard deviation of CT numbers) to the 
window width W and called this number display noise It was calculated ac- 
cording to the following equation: 

a^z=ax 100/W 

and corresponds to the visually perceived noise level (given as a percentage of the 
ratio between maximum to minimum available gray level on the image display). 

Noise ratings from the patient study were correlated to the pixel noise and to 
this display noise. Ratings were also compared between observers and between 
the various criteria for image quality. 



3.3 

Results 

3.3.1 

CTDI Measurements 

Figure 3.1 demonstrates that the CTDI increases linearly with mAs (r> 0.9999). 
While there are only minor differences between collimations of 2 mm or above, 
the CTDI for 1-mm slices increases by a factor of (approximately) 2. 

For the same mAs settings, the CTDIair increased by a factor of 1.4 if 140 kVp 
was used instead of 120 kVp, while the CTDIair fell by a factor of 4 when 80 kVp 
was employed. 
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3.3.2 

Individualizing mAs Setting 

Image noise increases exponentially with increasing phantom diameter 
(Fig. 3.2). From the slope of the curve, the half layer (for noise) can be deter- 
mined. Depending on the kVp, the values vary between 5.8 and 7.1 cm at 3-mm 
slice collimation. The numbers decrease with lower mAs, lower kVp, and narrow- 
er slice collimation. When all measurements were taken into account (variation of 
mAs settings, collimation, phantom diameter, and kVp), half layers between 6 
and 7.5 cm were found for the clinically relevant choices of scan parameters. 



3.3.3 

Slice Collimation 

As can be expected from theory, image noise decreased with increasing slice col- 
limation (SC) (Fig. 3.3). This relationship could be described using the following 
equation: 

a=flXSC“^ 

In this equation, the exponent b should be equal to 0.5 if only quantum noise con- 
tributes to the measured pixel noise. Dependent on the phantom size, we found 
numbers that varied between 0.46 and 0.53 for 120 kVp, suggesting that other 
components due to electronic noise of the CT equipment are less important for 
the chosen mAs. 








120kVp(110mAs) i ' 






UOkVp (165mAs)i I 


half layer = 6.9cm : 






half layer = 7.1cm: 


R = 0.9993 i ^ 






R = 0.9991 



0 5 10 15 20 25 30 

Phantom Diameter (cm) 

Fig. 3.2. Image noise increases exponentially with increasing phantom diameter: half layers for 
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Fig. 3.3. Image noise decreases with increasing slice collimation 



In clinical practice, this simple finding should have the following consequenc- 
es: For an identical image quality in terms of image noise, the mAs would have to 
be increased with smaller slice collimation and could be decreased when larger 
collimation is used. 
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Although trivial, this does not seem to have influenced the choice of mAs set- 
tings in most institutions. A survey of all recent papers published in Radiology 
and Rdfo during the years 1996/1997 demonstrates that there is almost no corre- 
lation between slice collimation and choice of mAs values (Fig. 3.4). While some 
dedicated low-dose protocols use 50 mAs, some standard protocols apply as 
much as 350 mAs to the chest. These findings have to be seen as an indicator that 
the choice of exposure parameters in CT is still largely intuitive. 

The detector dose is proportional both to the slice collimation and the mAs 
settings (I Xt). If one assumes the noise level at a certain slice collimation SCq ac- 
ceptable (e.g., for high-resolution CT of the lung, 350 mAs at 2 mm), one can cal- 
culate the required mAs settings for a different slice collimation using the follow- 
ing equation: 

{Ixt) = SCo X (J X Oo/SC 

Using this equation, one can calculate that only a fifth of the dose (70 mAs) would 
be required for 10-mm slice collimation in the chest if the same noise level is con- 
sidered acceptable as with 2 mm and 350 mAs. 

3.3.4 

Pitch Factor 

At a given slice collimation (here, 3 mm), the pixel noise remained constant inde- 
pendent of pitch factor and raw data interpolation (slim, slim2, wide). Thus, if a 
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higher pitch factor is chosen, the patient dose falls proportionally to the pitch 
without leading to an increased image noise (although the effective slice thick- 
ness increases slightly). 

3.3.5 

Raw Data Interpolation Algorithm 

When the image noise was compared with the various raw data interpolation al- 
gorithms, there was no significant influence of other factors such as slice collima- 
tion, pitch, or phantom diameter. The relative contribution of image noise due to 
the interpolation is given in Table 3.1. 

Since we measured only 89% of the noise of standard CT slices with the new 
slim2 raw data interpolation, it allows for marked dose reduction as compared to 
113% with the older slim algorithm: noise is reduced by 21%. This corresponds to 
potential dose savings of 38%. At the same time, there was no significant deteri- 
oration of the slice sensitivity profile, and the effective slice thickness remained 
constant. 

3.3.6 

Image Reconstruction Algorithm (Filter Kernel) 

Image noise is heavily dependent on the image reconstruction algorithm (filter 
kernel). Table 3.2 provides the relative contribution of various reconstruction al- 
gorithms to image noise and demonstrates that marked differences occur. If these 



Table 3.1. Relative contribu- 
tion of various interpolation 


Interpolation 


Relative noise (%) 


algorithms to image noise 


Standard CT 


100 




VAR 


69 




Wide (360°LI) 


82 




Slim2 (180°LI) 


89 




Slim(180°WI) 


113 



Table 3.2. Relative contribution of various reconstruction algorithms to image noise 



Reconstruction 

algorithm 


Relative noise (%) 


Relative dose 
requirements (%)^ 


Spatial resolution’^ 


ABIO 


56 


32 


4.1 


AB20 


71 


50 


4.7 


AB30 


78 


60 


5.0 


AB40 


85 


72 


5.2 


AB50 


100 


100 


5.8 


AB60 


117 


137 


6.2 


AB70 


136 


184 


6.6 


AB82 


281 


789 


7.6 


AB91 


280 


786 


7.7 



^ Measured close to the center of 30 cm water phantom; AB50 = 100%. 

^ Spatial resolution is given as MTF at 20% level (measured by metal bead). 
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Fig. 3.5a, b. For CT of the liver, 
a dose reduction by a factor of 3 
is possible if an ABIO (b) recon- 
struction kernel is employed in- 
stead of AB50 (a). As a tradeoff, 
contours are less sharply demar- 
cated and there is a an increased 
coarseness of noise 




differences are compensated by variations in mAs settings, the potential for dose 
savings and the need for dose increase become clear. 

As one moves from an AB50 standard kernel to AB30, the noise level decreas- 
es to approximately 78% (potential dose savings, 40%). If ABIO is acceptable 
(with respect to spatial resolution), the noise level will decrease to 56% (dose sav- 
ings of more than factor 3; see Fig. 3.5). 

On the other hand, an AB70 kernel requires 1.8 times more dose than AB50 for 
identical image noise, and AB82 or AB91 require seven to eight times more dose 
if the noise level is to be maintained. 

3.3.7 

Window Width 

As was demonstrated with the use of high-resolution reconstruction algorithms, 
a noise level similar to that of soft tissue imaging can no longer be maintained, 
since dose increases would have to be excessive. Nevertheless, image noise hard- 
ly plays a role for most of the high-resolution applications. The reason for this is 
that high-resolution algorithms are employed mainly for high-contrast objects 
such as the lungs or skeletal structures. 

It is well known that window settings influence our perception of image noise. 
In general, however, this has had little impact on the choice of parameters for 
most common CT applications. Figure 3.6 demonstrates that we found almost no 
correlation between pixel noise (standard deviation of CT numbers) and subjec- 
tive perception of image noise, while there was satisfactory correlation between 
noise perception and display noise. This display noise is inversely proportional to 
the window width. The good correlation suggests that this noise definition is 
superior to describe the subjective effect of noise on image quality. 

As a consequence, mAs settings may be reduced with larger window width: 
since window width influences noise directly (inversely proportional) while dose 
dependence is described by a square root function {iHl X t), even an increase in 
the window width from 300 to 350 HU allows for a reduction in the mAs settings 
of 26% if the perception of image noise is to remain constant. 
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Fig. 3.6a, b. Subjective evaluation of image noise (5-point scale). Almost no correlation with stan- 
dard deviation of CT numbers (“pixel noise,” a), but satisfactory correlation with pixel noise nor- 
malized to window width (“display noise,” b) 100/ W 

3.4 

Discussion 

In most clinical environments, the choice of mAs settings is largely intuitive and 
is determined by personal preferences and individual taste. Variations in patient 
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exposure may be dramatic, as was shown for the example of chest CT: while some 
institutions applied up to 350 mAs, others reduced the settings to 50 mAs. A re- 
duction in mAs settings with larger-slice collimation appears feasible in most 
clinical applications. Given the above-mentioned adaptation of mAs to slice col- 
limation, a dose reduction by approximately a factor of 3 appears feasible as com- 
pared to the most commonly suggested standard parameters for the chest 
(10 mm, 200 mAs). Since there is marked dependence on patient diameter, how- 
ever, the mAs settings have to be increased in patients with more adipose tissue. 

As can be demonstrated by comparing the increase of image noise due to a 
high-resolution kernel (with AB82, noise is higher by a factor of 2.5-2.7 than with 
AB50) and the decrease of perceived image noise (display noise) when moving 
from a mediastinal window (width, 300-500 HU) to a lung window (width, 
1000-2000 HU; i.e., decrease in image noise by a factor of 3-4), the choice of HR 
kernels is compensated by the increased window if one accepts a similar display 
noise. This implicitly requires that soft tissues and lungs have to be reconstruct- 
ed using different kernels. 

As is shown in Table 3.2, spatial resolution can be traded in for image noise. 
Since most diagnostically relevant structures, e.g., in the abdomen, are relatively 
large (approximately 1 mm), spatial resolution plays a minor role. This can be 
used to further reduce the required exposure dose. If an AB30 kernel is acceptable 
instead of AB50, mAs settings and thus patient dose can be reduced by 30%. Trad- 
ing in an overly sharp definition of contours for a reduction of patient exposure 
may be well worthwhile. 

A very important factor for potential dose savings is the choice of window 
width. This factor is usually neglected since it is merely considered to be a display 
parameter that does not influence the signal-to-noise ratio. In clinical practice, 
window width is a more or less preset parameter that is chosen depending on the 
displayed anatomic region. Only in very rare occasions is a more narrow window 
width used. It therefore makes sense to chose a certain “acceptable” display noise 
and chose the mAs settings accordingly. As a consequence, mAs reductions are 
not only possible for high-contrast structures, such as bones or lung parenchyma 
[2, 3, 5, 7, 8], but may also be feasible for soft tissue structures in the chest or ab- 
domen. 

Use of the new slim2 raw data interpolation should be recommended as the 
standard procedure, since it allows for either a dose reduction of more than 35% 
or a decrease in image noise of 23% as compared to the older standard, the slim 
(180° LI) raw data interpolation. 

An important step towards minimizing patient exposure is to individualize 
mAs settings. It was shown that mAs settings can be cut in half if the patient is 
3-4 cm thinner (slim individuals, children). Since measurements of patient di- 
ameters are cumbersome in clinical practice, one can often only estimate the 
dose requirements in an individual setting. 

We are currently working on software that incorporates all dose-relevant scan 
parameters and allows for an individualized estimate of the mAs settings depen- 
dent on the chosen scan parameters, window settings, and reconstruction ker- 
nels. Initial results have shown that considerable dose savings are possible in slim 
patients, while image quality can be improved in individuals with more adipose 
tissue. 
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3.5 

Conclusion 

While adaptive exposure control and the use of new solid state detectors can dra- 
matically reduce the dose requirements with the Somatom Plus 4, the conscien- 
tious choice of scan, reconstruction, and display parameters can already yield 
marked reductions in patent exposure that can be added to the new improve- 
ments in hardware and software. A little less sharpness will in many cases mean 
a lot less dose to the patient. It has to be noted, however, that the mAs settings 
have to be lowered in order to realize any of the mentioned dose saving. 
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4 Dose Reduction in CT by Anatomically 
Adapted Tube Current Modulation: 

Principles and First Results 

W. A. Kalender, H. Wolf, C. Suess, M. Gies, H. Greess, W. A. Bautz 



4.1 

Introduction 

The performance of today’s modern CT scanners is still improving, and the range 
of applications and the frequency of CT examinations show a continuous upward 
trend. This is contrary to many predictions in the late 1980s and early 1990s when 
a rapid decrease in the use of CT was expected. The introduction of spiral CT and 
the advent of faster and more powerful scanners specifically designed for volume 
CT scanning in spiral mode has led to a renaissance of CT. 

Accompanying these positive technical and clinical trends has been an in- 
creasing awareness - sometimes even an irrational fear - of the dose associated 
with X-rays. This has been particularly strong in Europe, especially in Scandina- 
via, the United Kingdom, and Germany. A number of activities on European level 
are underway. In particular, the European Union has sponsored efforts aimed at 
limiting the dose and has demanded the establishment of reference dose levels 
for CT examinations [1]. This background has added to the motivation to limit 
the dose in CT or, better, to achieve the required level of image quality with min- 
imum dose. 

The purpose of this study was to investigate approaches and to develop tech- 
nical means for dose reduction in CT which does not entail a loss of image qual- 
ity. This means in particular that simple approaches, such as a general reduction 
in tube current (measured in milliampere, mA), are not a sufficient solution. mA 
reduction is available to any CT user at any time, but this results in increased pixel 
noise. We assume here that the optimal mA value and thereby the mAs product 
(tube current multiplied by scan time per 360° rotation) have been selected, i.e., 
noise is as high as tolerable and dose thereby chosen as low as acceptable for the 
given diagnostic task. 

We sought to reduce total mAs without increasing pixel noise. The principal 
idea, as outlined below, is to redistribute the dose for a 360° rotation in accor- 
dance with the actual attenuation as a function of projection angle instead of 
maintaining the tube current constant, as is usually practiced today. 



4.2 

Methods and Materials 

Noise in CT images varies proportional to the square root of the applied dose, i.e., 
proportional to the square root of the mAs product if the tube current is kept 
constant. However, noise in CT images is dominated by those projections in 
which attenuation is the highest. This is indicated in Fig. 4.1. 
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Fig. 4.1. Noise in the CT image is dominated by the noise of projection data with highest attenu- 
ation. Dose can be reduced in projections with low attenuation, here the a.p. projections, without 
significantly impairing image quality or increasing noise 



For an object with circular cross-section, attenuation is constant over all projec- 
tions, and all the measured values contribute equally. For a noncircular cross-sec- 
tion, however, attenuation varies strongly, sometimes by more than three orders of 
magnitude (Fig. 4.2). Noise in the data measured in high-attenuation projections, 
i.e., mostly in lateral direction, is decisive for the noise level in the CT image. This 
means that the dose for projections with relatively low attenuation, i.e., mostly in 
a.p. direction, can be reduced significantly without a measurable increase in image 
noise. The conclusion - and the basic consideration for our approach - is that tube 
current should be decreased as a function of rotation angle whenever attenuation 
is low. In consequence, we had to develop means for monitoring attenuation on- 
line and for variation of tube current as a function of projection angle. 

The respective technical solution was implemented as a work-in-progress op- 
tion on a Somatom PLUS 4 in cooperation with Siemens Medizinische Technik 
(Erlangen, Germany). Measured attenuation data were taken from the data acqui- 
sition system during scanning for further analysis. In this case the attenuation for 
the central channels of the detector system was determined as a function of pro- 
jection angle. Various control functions can be derived from these data. We inves- 
tigated trapezoidal, elliptical, sinusoidal, and anatomically adapted shapes by 
simulations and phantom measurements; both preprogrammed modulation 
functions and attenuation-based online control of the tube current were imple- 
mented. A circular, an elliptical, and two oval water phantoms with and without 
inserts were used. The respective phantoms, identical for simulations and physi- 
cal measurements, and associated attenuation curves as a function of projection 
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Fig. 4.2. Sketches of the phantoms used in simulations and physical measurements and associa- 
ted attenuation values as a function of projection angle for the Somatom PLUS 4 at 120 kVp 



angle are shown in Fig. 4.2. All relevant scan parameters were varied, including 
constraints such as the maximum modulation amplitude. The results of the sim- 
ulations and phantom measurements were validated on six cadavers. First patient 
studies were also completed; they are the subject of a separate communication to 
this volume (see Chap. 5). 



4.3 

Results 

The results of the simulation studies provided the basis for the decisions on opti- 
mization of our approach; the respective results are documented in a separate 
paper [2]. The most important findings were that tube current should be mod- 
ulated as a function of the square root of measured attenuation and that the mod- 
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ulation amplitude available on a specific scanner is of great importance (Fig. 4.3). 
A modulation amplitude of at least 90% is desirable. This is available on our 
PLUS 4 for 2 s scanning; for 0.75 s scans we are presently limited to 60% modula- 
tion amplitude. This means that for very short scan times we fall significantly be- 
low the optimum for objects with large differences in attenuation (Fig. 4.3). 

The results of our simulation studies were tested on various phantoms repre- 
senting typical patient cross-sections. Agreement between simulations and 
measurements was very good (Table 4.1). As expected, no dose reduction was 
found in phantoms with circular cross-sections. However, dose reduction of up to 
45% was found in phantoms with cross-sections mimicking the shoulder region 
(Fig. 4.4). Online attenuation-based control functions always yielded higher 
reductions in dose than fixed control functions, in this case a sinusoidal curve. 
A more detailed evaluation was given in a separate report [3]. 

Extensive studies on six human cadavers also yielded results which were in ex- 
cellent agreement with the simulations and the phantom studies (Table 4.2). An 
example is presented in Fig. 4.5. It is noteworthy that the dose is reduced strong- 
ly not only in the shoulder region but also in most other body regions, with re- 
duction values of more than 20%. 




Control strength a 

Fig. 4.3. Results of simulation studies for the shoulder phantom. Dose reduction is highest when 
tube current is modulated proportional to the square root of attenuation and when large mod- 
ulation amplitudes are technically available 
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Fig. 4.4. Measurements on the shoulder phantom without (a, b) and with (c, d) tube current 
modulation. With online attenuation-based control the dose is reduced by 45% in this case 



Table 4.1. Dose reduction in phantom scans determined by simulations and by measurements 



Phantom 


Modulation type 


Simulated (%) 


Measured (%) 


Quality phantom 


Sinusoidal 


0 


1 


Online control 


0 


0 


Hip phantom 


Sinusoidal 


31 


37 




Online control 


37 


41 


Abdomen phantom 


Sinusoidal 


9 


5 


Online control 


10 


10 


Shoulder phantom 


Sinusoidal 


34 


35 


Online control 


45 


41 



Table 4.2. Mean dose reduc- 
tion values determined by 
measurements on six cadav- 
ers with pixel noise kept con- 
stant 



Anatomic region 


Tube current modulation function (%) 


Sinusoidal 


Online control 


Head (n = 3) 


7 


11 


Shoulder {n = 5) 


28 


40 


Thorax (n = 5) 


17 


27 


Abdomen {n = 6) 


18 


23 


Pelvis {n = 6) 


27 


34 


Upper legs (n = 3) 


23 


27 
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Fig. 4.5a-c. CT scans of a cadaver with 
different tube current modulation result- 
ing in approximately equal noise levels, 
but significantly different dose values, 
a Standard scan with constant tube cur- 
rent: no dose reduction, b Scan with 
sinusoidal current modulation: 17% dose 
reduction, c Scan with attenuation-based 
online tube current modulation: 30% 
dose reduction 



Very positive results were also achieved with a modification of our technique 
where the tube current was increased slightly (as compared to the standard scan 
mode) for lateral or other high-attenuation projections and decreased signif- 
icantly in a.p. or other low- attenuation projections. This still resulted in a signif- 
icant dose reduction but also yielded an increase in image quality. Clinical ex- 
perience is still very preliminary in this case. A patient example for the shoulder 
region is presented in Fig. 4.6, with tube current increased by 25% for the highest 
attenuation values. However, a total dose reduction of 35% resulted in combina- 
tion with a slight improvement in image quality, i.e., a reduction of structured 
noise in the areas indicated by arrows (Fig. 4.6). 

4.4 

Discussion and Conclusions 

Since the beginning of CT imaging it has been a particular aim to use a minimal 
dose. This follows the ALARA principle which demands that dose should always 
be “As Low As Reasonably Achievable.” In several respects CT technology can be 
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a b 



Fig. 4.6a, b. A novel approach to improving image quality and reducing noise at the same time. 
A slight increase in tube current in lateral projections ( + 25%) combined with a significant de- 
crease in low- attenuation projections (80% modulation amplitude) resulted in improved image 
quality and a dose reduction of 35% 



considered mature; in particular, the available detector systems exhibit a very 
high dose efficiency. However, there is always room for improvement. 

A novel technical approach to working with lower doses is to modulate the 
tube current during the 360° tube rotation. This idea was applied earlier by Kop- 
ka et al. [4] and Giacomuzzi et al. [5]. In their implementations, known as Smart- 
Scan, the modulation of current is based on attenuation measurements by two 
localizer radiographs and it is fixed over a complete anatomical range. Results 
presented in the literature so far are not convincing. Our approach goes beyond 
theirs in several respects: 1. no localizer radiographs (Topograms) are needed; 
2. the current is modulated online with a delay of only half a rotation and is thus 
adapted from slice to slice and not fixed for a complete range; 3. our approach is 
strictly adapted to the actual course of attenuation and not to a geometric func- 
tion, for example, a sinusoidal curve. 

All these points add up to very favorable results. Cadaver studies which al- 
lowed free variation of all parameters and unambiguous evaluation and compar- 
ison of results yielded convincing data regarding the potential of our technique 
(Table 4.2). Dose reductions of 20%-30% appear realistic, and in some cases even 
higher reductions are possible. 

We conclude that this technique should enter wide clinical use without delay. 
Online attenuation-based tube current modulation using the square root of at- 
tenuation as the control parameter appears to be the method of choice. The only 
deficiency at present is the amplitude of tube current modulation, which is still 
limited. The use of grid-controlled X-ray tubes which allow faster modulation of 
tube current would be a potential solution. In addition to the patients receiving 
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less exposure, X-ray tubes will also profit from our approach since tube load is 
decreased to the same proportion as patient dose. 
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5 Dose Reduction in CT by Anatomically Adapted 
Tube Current Modulation: First Patient Studies 

H. Greess, H. Wolf, W.A. Kalender, W.A. Bautz 



5.1 

Introduction 

The physical principles of dose reduction in computed tomography (CT) by anat- 
omy-oriented attenuation-based tube current modulation, as discussed else- 
where in this volume (see Chap. 4), were tested in a first clinical patient study. Our 
aim was to reduce the dose applied in CT by current modulation and without a 
loss of image quality. Dose reduction was measured by the reduction of the mAs 
product, and image quality was assessed subjectively by experienced radiolo- 
gists. 

5.2 

Methods and Materials 

We used a Siemens Somatom PLUS 4 CT scanner for all our studies and clinical 
examinations; the physical principles and the work-in-progress adaptation of the 
apparatus for anatomy-oriented attenuation-based tube current modulation are 
described in detail in an accompanying report (see Chap. 4). We examined ten ra- 
diation therapy patients scheduled for CT as part of their routine work-up. For 
these patients four scan levels of the shoulder and upper thorax (the region where 
the greatest dose reduction was to be expected based on our prior experiments) 
were examined by single scans without and with tube current modulation. CT 
was performed without contrast medium to avoid ambiguities. All CT parame- 
ters were kept constant: 140 kVp, 5 mm slice thickness, 10 mm increment. Tube 
current was set to 206 mA without current modulation and to 274 mA maximum 
current for scans with current modulation. Scan times were either 1.0 s or 1.5 s 
depending on the cross section of the patient’s body. The total mAs product was 
recorded to determine the respective dose reduction. Four experienced radiolo- 
gists, blinded as to whether tube modulation was possible in the specific case, 
compared the two images for a given scan level and determined which was super- 
ior in terms of pixel noise, artifact behavior, contrast, and general impression. 

5.3 

Results 

Dose Reduction. The mean difference in dose, measured by the difference in 
mAs product between scan without and with tube current modulation and ex- 
pressed as a percentage of the mAs value without current modulation, was 38%, 
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Table 5.1. Dose reduction in 
the shoulder region, meas- 
ured on ten patients and aver- 
aged over four levels 



mAs 

Pat. no. Scan time (s) Off 


On 


Dose reduction (%) 


1 


1 


217 


158.5 


27 


2 


1.5 


327 


184.6 


43 


3 


1 


217 


156.4 


28 


4 


1 


217 


147.2 


32 


5 


1 


217 


160.3 


26 


6 


1.5 


327 


203.8 


38 


7 


1.5 


327 


176.3 


46 


8 


1.5 


327 


174.8 


47 


9 


1.5 


327 


174.4 


47 


10 


1.5 


327 


182.8 


44 


Mean 
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Tube current was set at 206 mA for constant current (off) and a 
peak value of 274 mA was used with current modulation (on). 



ranging from 26% to 47% (Table 5.1). This result is quite impressive and is in very 
good agreement with measurements on cadavers, which yielded an average dose 
reduction of 40% for the shoulder region (Chap. 4). However, this does not neces- 
sarily mean that we have reached the optimum. The ratio of constant tube current 
to peak value for the modulated tube current was chosen based on simulations of 
an average shoulder and was only roughly adapted to the individual patient by 
choosing 1.0 s or 1.5 s scan time. This also means that we can expect that pixel 
noise is only roughly the same in both scans. Noise measurements are not practi- 
cal in the highly restructured shoulder regions of patients; therefore noise was 
assessed subjectively. 



Image Quality. The results of the subjective evaluation of pixel noise, contrast, ar- 
tifact behavior and general impression are presented in Table 5.2. 



Pixel Noise. Pixel noise impression was subjectively rated as better in 25% of the 
scans without current modulation, essentially the same in 58%, and improved in 
17%, in spite of the significant dose reduction (Table 5.2). These balanced results 
are in agreement with expectations: we aimed for approximately unaltered noise 
levels, but noise reduction can also be achieved at the expense of increased peak 
mA value. An example of reduced pixel noise combined with significant dose re- 
duction is demonstrated in Fig. 5.1. Improvement in the structure and amplitude 



Table 5.2. Assessment of pixel noise, contrast resolution, artifact behavior and general impression: 
subjective ratings on 40 scan levels by four radiologists in a blinded fashion (relative values, in %) 





Better with 
current modulation 


No significant 
difference 


Better without 
current modulation 


Pixel noise 


17 


58 


25 


Contrast resolution 


21 


30 


49 


Artifact behavior 


48 


21 


31 


General impression 


29 


42 


29 
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a b 



Fig. 5.1a, b. Scan of the shoulder region in patient 1. a Standard scan, b Scan with current mod- 
ulation. The dose was reduced by 27% in the scan with current modulation, accompanied by im- 
provement of noise structure (arrows) 



of noise can be seen particularly well in the spinal canal (gray arrows) and in 
the left lobe of the thyroid gland (white arrows). 

Contrast Resolution. The radiologists’ assessment of contrast and of low- contrast 
resolution was not unambiguous. We expected that contrast of all structures 
would remain unchanged, but that contrast resolution would vary as a function 
of noise amplitude and pattern. Contrast resolution was assessed as unchanged 
in 30% of all ratings, better with current modulation in 21% and better without 
current modulation in 49% (Table 5.2). Figure 5.2 presents an example in which 
contrast resolution was rated inferior in the scan with current modulation. It is 
unclear, however, whether the deterioration was due to motion. The depiction of 
image content within the spinal canal is clearly better and not affected by struc- 
tured noise in the case with current modulation. 

Artifact Behavior. Assessment of artifact behavior did not yield a clear prefer- 
ence. Surprisingly, only a minority of scans were rated as not significantly differ- 
ent. It must be noted again that the judgement as to whether an artifact is present 
or not can be very subjective; it is also possible that in some cases the difference 
was due to other causes. The example shown in Fig. 5.3 was rated as inferior in 
the scan without current modulation due to an artifact, rated as a beam harden- 
ing effect, which was less pronounced in the image obtained with current mod- 
ulation. The consensus regarding all scans generally was that there was no signif- 
icant difference between the two scan modes. 

General Impression. Ratings regarding general impression was more consistent 
and also conformed with expectations. In 42% of scans no significant difference 
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Fig. 5.2a, b. Scan of the shoulder region in patient 9. a Standard scan, b Scan with current mod- 
ulation. The dose was reduced by 47% in the scan with current modulation. Low contrast resolu- 
tion is better in the scan without current modulation (arrows). However, the spinal canal is de- 
picted more clearly in the scan with current modulation 




a b 

Fig. 5.3a, b. Scan of the shoulder region in patient 2. a Standard scan, b Scan with current mod- 
ulation. The dose was reduced by 43% in the scan with current modulation. The bright zones 
lateral to the left clavicula was rated as a beam hardening artifact in the scan without current 
modulation, which did not appear in the same way in the scan with current modulation 



was observed; equal numbers of the remaining scans were rated as better with 
and better without current modulation (Table 5.2, Fig. 5.4). This is in perfect 
agreement with our expectation, as the study was designed to maintain pixel 
noise and thereby image quality as approximately unaltered - the aim was to 
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Fig. 5.4. Subjective assessment of image quality in general. There was no significant difference 
between the scans without and with current modulation. Ratings by four radiologists in a blind- 
ed fashion in favour of and against one type of scan were balanced 



reduce dose. This was achieved convincingly by a mean dose reduction of 38% 
(Table 5.1). 

5.4 

Discussion and Conclusion 

The first patient examinations with an anatomy-oriented attenuation-based tube 
current modulation demonstrated that a substantial dose reduction can be 
achieved in the shoulder region. A mean dose reduction of 38% was recorded, 
which is in good agreement with theoretical predictions [1] and phantom and ca- 
daver studies (Chap. 4). It is difficult in a patient study to determine whether im- 
age quality differs in scans without and with tube current modulation. We tried 
to achieve this aim here by raising tube current slightly in lateral views of the 
shoulder and reducing it drastically in a.p. views. Subjective assessment of pixel 
noise by four radiologists blinded to whether tube current modulation was acti- 
vated or not confirmed to a large extent that our initial goal was achieved. Pixel 
noise was rated as more or less unchanged and the general impression just the 
same (Table 5.2). 

In spite of the significant reduction in dose, an improvement in the noise 
structure was observed, in particular a reduction of structured noise in the spi- 
nal canal. This is demonstrated by another example in Fig. 5.5. 

Our results go beyond what has been reported in literature so far. For the use 
of a sinusoidal tube current modulation based on localizer radiographs (Smart- 
Scan), Giacomuzzi et al. [2] reported a dose reduction of maximally 18%; howev- 
er, this was accompanied by an increase in pixel noise. Kopka et al. [3] and Leh- 
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Fig. 5.5a, b. Scan of the shoulder region in patient 8. a Standard scan, b Scan with current mod- 
ulation. The dose was reduced by 47% in the scan with current modulation. In addition, the im- 
proved noise patterns in the thyroid and the spinal canal (arrows) can be seen 



mann et al. [4] reported a reduction of 1 1% with constant pixel noise. Our results 
are far more positive than this and confirmed by simulations, phantom and ca- 
daver studies (Chap. 4). It appears that an online anatomy-oriented attenuation- 
based tube current control is much more efficient at simultaneously reducing 
dose and maintaining image quality. Therefore this new approach can play a sig- 
nificant role in efforts to reduce exposure. It must be taken as a standard for fu- 
ture CT systems. Extended clinical studies under well-defined and ethically ap- 
proved protocols are on the way to evaluate this approach further for various oth- 
er body regions. 
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6 Spiral CT and Its Use in Neuroradiology: 

A Review of Spiral CT Techniques, Real-Time 
Volume Rendering, and Real Time Neuronavigation 

W. J. Davros, C. Steiner, M. T. Modic 



6.1 

Introduction to Spiral CT 

X-ray computed tomography (CT) became widely available in the early 1970s, 
and by the 1980s CT had reached a plateau that few thought could be improved; 
the technology had matured fully. However, in the early 1990s a new breed of CT 
scanner appeared: spiral CT. By the mid-1990s it was apparent that scan protocols 
would need to be entirely rewritten in order to harness the power and speed of 
spiral CT. We, as radiologists and referring physicians, would have to reevaluate 
the clinical potential of CT for locating disease. This chapter addresses a small 
part of this reevaluation: the role of spiral CT in neuroradiology and neurosur- 
gery. 

CT has evolved rapidly due to technological advances into a clinical modality 
that excels at portraying cross-sectional anatomy in stunning detail. CT has be- 
come faster at completing examinations as computer speed and memory have in- 
creased. Advances in X-ray tube technology have permitted longer and higher in- 
tensity exposures to be produced. Advances in detector materials have made 
more efficient use of X-rays. However, the single most important step in the evo- 
lution of CT has been the innovation of the slip ring gantry. The slip ring gantry 
permits an X-ray tube and detector bank assembly to rotate continuously about 
the gantry opening’s axis of symmetry without the need to stop due to hard wir- 
ing limitations. The slip ring gantry is an electrical conduction path for data and 
power into and out of the X-ray tube-detector assembly. It works by means of 
spring loaded electrical contacts that ride on top of and slide over concentric 
conductive rings. 

The clinical implications of this electrical arrangement have proven to have a 
profound effect on the way in which CT scanners can be used. Using spiral CT 
there is no need to stop the patient table from incrementally moving to the next 
position. Since the patient table does not have to be accelerated and decelerated 
at the beginning and end of each slice acquisition, the table can move a greater 
distance per unit time and at a constant velocity. In order to conceptually keep 
spiral scanning similar to conventional scanning, table travel per 360° gantry ro- 
tation was initially kept equal to the X-ray beam collimator setting (pitch = 1) 
early in the use of spiral CT. Later pitch factors greater than 1 were explored as a 
means of optimizing spiral CT protocols. 

Pitch is a parameter for the distance that the table travels per 360° rotation of 
the gantry relative to the collimation setting. The following equation defines 
pitch: P = d/c, where d is the distance traveled (in millimeters) by the table per 
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360° rotation, and c is the collimator setting (in millimeters). Pitch is therefore a 
unitless quantity. Clinically pitches from 0.8 to 3.0 have been applied to varying 
degrees. 

Also as a result of not having to stop the gantry rotation it became advanta- 
geous to collect data on a continuous basis as the patient in fed into the gantry 
opening at a constant velocity. The combination of constant velocity table travel 
and a continuously orbiting X-ray source form a spiral trajectory of X-rays about 
the patient’s long axis, and hence the name spiral CT. 

In conventional CT each rotation of the gantry produces a self-consistent set 
data of X-ray projections from which a single image is produced. In this scenario, 
each rotation of the gantry is intimately connected to a location on the patient and 
to a specific set of data from which an image of that unique location along the pa- 
tient is made. Hence there is a one-to-one relationship between slice location as 
defined by the X-ray beam shining on the patient, the table position, and an image 
location. This one-to-one correspondence does not have meaning in spiral CT. 

In spiral CT data are collected in a continuous fashion and form a spiral 
around the patient’s long axis. After the projection data are collected, the user in- 
dicates to the reconstruction computer where along the spiral of raw data images 
are to be reconstructed. It is only then that the reconstruction computer selects 
the projections needed to reconstruct an image at each selected location. The se- 
lection of projections and their relative importance to the final image are chosen 
in such a way as to give added importance those projections that are nearest to 
the image location. This process is called z-axis interpolation. 

In this implementation an image can be produced anywhere along the raw 
data stream so long as the mathematical constraints for sufficient projection data 
are met. This leaves open the possibility of producing overlapping images with- 
out using overlapping radiation fields. The concept of overlapping images will 
become apparent when 3D postprocessing and surgical neuronavigation are dis- 
cussed. 

Spiral CT permits shorter examination than conventional CT. There are two 
reasons. First, time is saved by not having to start and stop the table each time the 
X-ray tube is energized. In spiral scanning mode, once the table is moving, it is 
not stopped until the spiral acquisition is completed. Second, time is saved by not 
having to start and stop the gantry from rotating. Once the gantry is in motion 
about the table, it wants to stay in motion by virtue of its inertia. Because the 
gantry does not have to be rapidly accelerated and decelerated, it can be made to 
rotate at higher angular velocities. To date some scanners have angular velocities 
of 480° per second (one revolution in 0.75 s). 

Spiral CT scanning has lead to increases in image quality. There are many rea- 
sons for this increase in quality. One reason is the suppression of motion artifacts 
from all sources. Patient motion is lessened because the scan is completed more 
quickly. Periodic motion such as cardiac motion and peristalsis are minimized 
because a complete set of projections is taken in less time due to increased gant- 
ry angular velocities. Partial volume averaging is also reduced by deemphasizing 
projections that are more distant from the image location. 

Spiral CT has changed the way in which iodinated contrast media is used. Vol- 
ume of injected media, injection rate, and delay between injection and the onset 
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of scanning have been modified to optimize use of spiral techniques. One feature 
that stands out is the ability to track a bolus of contrast and scan a particular re- 
gion when tissue contrast has reached its peak. Another key use of injectable con- 
trast media has been improved spiral CT angiography. This is largely due to being 
able to scan through a region before the contrast media bolus has been diluted. 

As described above, spiral CT scanning permits overlapping images to be re- 
constructed from projection data. When the image overlap reaches a point at 
which the distance between images is approximately one-third of the collimator 
setting, isotropic image volume elements (voxels) are produced. When this oc- 
curs, the usefulness of the image data set becomes much greater than that of the 
axial images by themselves. With isotropic resolution any arbitrary plane 
through the image data volume has the same spatial resolution, as do the original 
axial images. This point is important for advanced applications such as three-di- 
mensional (3D) renderings and surgical navigation with real-time spiral CT im- 
age updating in any oblique plane. 

6.2 

Three Applications of Spiral CT in Neuroradiology 

Visualization of intracranial pathology is not a new concept in CT. However, the 
use of spiral scanning protocols and application of high-speed computers for use 
in real-time three-dimensional modeling is a recent development. Spiral CT is 
ideally suited for use in intracranial imaging in that it allows rapid capture of a 
contrast bolus as is passes through the arterial structures of interest. When rap- 
id, accurately timed scanning is combined with thin collimation and a high de- 
gree of image overlap, image data sets are produced that permit image postproc- 
essing to be done. 

Image postprocessing of intracranial and spinal pathology is useful for at least 
three broad applications. One is real 3D volume rendering, the second is real-time 
image updated intraoperative surgical navigation, and the third is 3D treatment 
planning for high-dose radiosurgery (high-dose teletherapy). 



6.3 

Real-Time Three-Dimensional Volume Rendering 

In real-time 3D volume rendering, overlapping images are loaded into a high- 
speed computer. This computer is optimized for performing 3D computations 
and display at real time rates. In the package that we are evaluating, the comput- 
er is a Silicon Graphics Incorporated ONYX workstation, and the software is 3D 
Virtuoso by Siemens Medical Systems. The software permits the user indepen- 
dently to include multiple anatomic objects in a rendering. This is done by select- 
ing a range of Hounsfield units that best define the object. An example of this 
would be highly opacified arteries in the circle of Willis. For each object the user 
can also independently control the amount of object translucency. Additionally, 
structures that might obscure clinically relevant pathology can be excluded from 
view by positioning “exclusion or cut” planes. Lastly, the rendering can reviewed 
from any perspective simply by rotating the rendering on the display through the 
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use of the computer mouse. Surgical planning of intracranial aneurysms is an ex- 
ample of where this technology is used. To date we have processed 15 cases in this 
fashion. 




Fig. 6.1. 
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6.4 

Real-Time Intraoperative Surgical Navigation 

In real time intraoperative surgical navigation spiral CT image data is transferred 
to a computer that is optimized for high-speed 2D display. In this application a 
display has been designed that simultaneously displays axial, sagittal, and coro- 
nal slices that have a common point of intersection corresponding to a location in 
the surgical field (Fig. 6.1). The surgeon interacts with the computer through the 
use of a localizing stylus. This stylus is equipped with either optical or acoustic 
transmitters. The transmitted signals are received by a receiver array located 
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above the surgical field near the ceiling. The exact orientation of the stylus and its 
relationship to the pathology is initiated through a registration sequence. In this 
sequence the operator locates with the stylus fixed landmarks on the patient and 
in the image. The computer calculates the position of the stylus tip (x,y, z) and or- 
ientation angles (a, p, y) of the stylus using an overdetermined data set. When the 
computer has registered a set of four to six landmarks each having unique (x, y, 
z) coordinates, an estimated positioning error is calculated. When that error is 
less than 1 mm, surgical navigation can commence. In 1997 the Division of Ra- 
diology performed 192 cervical spine spiral CT examinations and 379 lumbar 
spine spiral CT examinations. Of these approximately 400 were used in 1997 for 
spinal surgery navigation. 

6.5 

Three-Dimensional Radiosurgery Planning 

The last spiral CT data sets are used in treatment planning for use with high-dose 
3D radiosurgery such as the Gammaknife project. In this project thin section spi- 
ral CT data sets are made and fed into a treatment-planning computer. This com- 
puter then uses the spiral data set to calculate the 3D shape and location of one or 
more lesions in the brain (Fig. 6.2). The goal of this 3D planning is to deliver a 
dose of radiation to the lesions that is sufficient cause remission while sparing ra- 
diosensitive structures nearby. When performed correctly, 0.5-mm accuracy can 
be achieved. To date, spiral CT has been used in this capacity 251 times at the 
Cleveland Clinic Foundation. 

Spiral acquisition at subsecond speeds, thin sections, the use of overlapping 
images, and high-speed computers have revolutionized CT. In the years to come, 
this technology will most likely grow to include cardiac gated CT, large-area de- 
tectors and possible intraoperative scanning. What is certain is that postprocess- 
ing will dominate future uses of spiral CT. 
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7 Determination of Regional Brain Perfusion 
by Functional CT 

M. Konig, L. Heuser, E. Klotz 



7.1 

Introduction 

Due to the increasing recognition that noninvasive measurements of cerebral 
blood flow (CBF) parameters may play a major role in the clinical management of 
patients with neurological disorders, a variety of functional imaging techniques 
have been developed in the past. Single photon emission computed tomography 
(SPECT) and xenon computed tomography (CT) have gained significant clinical 
acceptance, because these methods may be used as routine procedures for the in- 
vestigation of chronic occlusive vascular disease. However, although accurate as- 
sessment of perfusion impairment has to be performed if modern therapeutic 
strategies are intended for acute stroke patients, only limited data are available 
concerning the application of these functional modalities within the first few 
hours of brain ischemia [1, 2]. Cerebral SPECT imaging using blood flow tracers 
provides useful information regarding the full three-dimensional extent of CBF 
impairment; however, it takes about 15-20 min for a complete examination to be 
performed. This causes substantial motion artifacts in many cases due to the lim- 
ited compliance of the patients. Moreover, at present only a few community hos- 
pitals offer SPECT for 24 h a day as a routine measure. Xenon CT has not been 
widely applied in stroke patients within the acute phase due to the limited prac- 
ticability of a measure that requires a face mask and inhalation of a narcotic gas 
to be accepted by the patient. 

We used contrast- enhanced dynamic computed tomography (CT) of the brain 
to calculate CBF parameters in acute stroke patients. The aim of this paper is to 
describe the principle of this new functional CT technique and to show its prac- 
ticability and usefulness under clinical conditions. 

7.2 

Principle of Functional CT 

Based on the indicator-dilution theory, the fundamentals of CBF measurements 
using dynamic CT scanning of the brain were developed by Axel in 1980 [3]. Rap- 
id-sequence CT of a single section of the brain has been performed after intrave- 
nous bolus injection of iodine contrast material, which acts as a pure intravascu- 
lar tracer as long as the blood-brain barrier is intact. During the first pass of the 
contrast bolus through the brain vasculature, local concentrations of iodine are 
simply reflected in changes of the attenuation values, as measured with CT. A set 
of parameters of cerebral bolus kinetics such as the area under the curve, the 
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peak time, and the mean transit time of the local bolus passage may be derived 
from time-density curves for each pixel to calculate CBF and cerebral blood vol- 
ume (CBV). However, additional gamma- variate fitting is necessary to avoid ef- 
fects due to the recirculation of contrast material. For several reasons, this meth- 
od has never reached a sufficient performance level to be acceptable as a clinical 
imaging technique, the most important of these reasons being the long cycle 
times and scan intervals of the older generations of CT scanners. Regarding the 
mean transit time, i.e., the time for a contrast bolus to pass through the normal 
human brain, of 3-5 s, more rapid scanning techniques with scan times of 1 s or 
less are required to obtain sufficient temporal resolution. For many years, dy- 
namic CT played an important role for the investigation of the vascularity and 
perfusion characteristics of tumorous lesions of abdominal organs such as the 
liver and kidneys, because bolus transit times within these organs are substan- 
tially longer than within the brain. Fast and continuous data acquisition of slip- 
ring scanners now allows the detection of bolus kinetics within the cerebral vas- 
culature even for calculating CBF and CBV. Due to the high spatial resolution of 
CT, this may be done on a pixel basis, leading to the generation of a set of func- 
tional maps of cerebral perfusion parameters. 

7.2.1 

Calculation of Cerebral Blood Flow 

An alternative approach for the calculation of organ blood flow from CT data, 
which has been referred to as the “maximum slope model,” was proposed by 
Miles et al. in 1991 [4]. Following this theory, organ blood flow expressed as flow 
F per unit volume V may be calculated as the relationship of the maximum slope 
of the tissue time-density curve divided by the maximum contrast enhancement 
within the supplying artery: 

F maximum slope of tissue time density curve 

V peak arterial enhancement 

The model is based on a nuclear medicine technique using radiolabeled micro- 
spheres which are completely extracted from the circulation during the first pass 
of the tracer. Thus temporary retention of the substance within the organ to be 
investigated is a fundamental prerequisite. Application of this technique to CT 
perfusion measurements of abdominal organs (e.g., kidneys) has shown accurate 
results, because the prerequisite of tracer retention is sufficiently fulfilled even 
using iodine contrast material [4, 5]. However, to assess CBF using intravenous 
injection of contrast material, short transit times have to be taken into consider- 
ation. The lack of sufficient tracer retention may be an important limitation of 
the method, because as a result substantial overlap of the arterial inflow and ve- 
nous outflow phase may occur, leading to the reduction of the upslope of the tis- 
sue time-density curve and subsequently to an underestimation of flow. In order 
to minimize this error, high rates of contrast injection have to be used to ensure 
that the arterial peak is reached before any contrast material leaves the brain via 
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the venous route. This is equivalent to the requirement of keeping the arterial rise 
time as short as possible. However, in clinical practice, this may be counteracted 
by restrictions of the cardiac capacity of the patient, which may cause significant 
broadening of the time-density curve (Fig. 7.1). The theoretically expected de- 
pendence was clearly confirmed by measurements of CBF within cerebral gray 
matter and by determining the arterial rise time in our group of patients 
(Fig. 7.2). However, the results of flow measurements may be significantly dis- 
torted by an erroneous determination of the maximum enhancement within 
small arterial vessels due to partial volume effects. To correct for this, the peak 
enhancement is measured within the superior sagittal sinus, which usually has a 
large lumen within the chosen scan plane at the level of the basal ganglia. Due to 




Fig. 7.1. a Due to cardiac insufficiency of the patient, the arterial bolus curve is flattened, causing 
overlap with the sinus outflow curve. Thus the condition of the maximum slope model is 
violated 
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Fig. 7.1. b Very short arterial rise time following high rate of contrast injection in a patient with 
normal cardiac output 



the short cerebral transit time, the difference of the peak enhancement values 
within the sinus and cerebral arteries with a large diameter may be expected to 
be relatively small. Nevertheless, it has to be borne in mind that the CBF values 
tend to be underestimated compared to the results of xenon CT studies [6, 7]. 

7.2.2 

Calculation of Cerebral Blood Volume 

Further analysis of the time-density curves in brain tissue and cerebral vessels 
allows the calculation of the fractional CBV according to the following simple 
equation: 
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arterial rise time (sec.) 

Fig. 7.2. Mean cerebral blood flow (CBF) values derived from the lentiform nucleus in the non- 
ischemic hemisphere of stroke patients showing a clear relationship to the rise time of the arte- 
rial time density curve 



peak tissue enhancement 

CBV = 

peak enhancement in the superior sagittal sinus 



( 2 ) 



The derivation of Eq. 2 has recently been published [8]. Like many others, our 
mathematical model for the calculation of blood flow is based on the assumption 
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that the vasculature of the organ to be investigated may be described as a single 
compartment with one inlet and one outlet. Because this assumption only ap- 
proximately holds true for the normal perfused brain and for vascular territories 
which are hypoperfused due to an embolic event, CBV cannot be accurately de- 
termined. However, the above equation provides a good estimate of CBV, yielding 
values that are quite similar to recently published results of photon emission to- 
mography (PET) and SPECT studies, respectively [9-11]. 

7.3 

Materials and Methods 

7.3.1 

Imaging Protocol 

Functional CT was performed on a Somatom Plus S scanner using a standard im- 
aging protocol with the following technical parameters: dynaiiiic multiscan with 
an acquisition time of 32 s and a rotation time of 1 s; tube voltage, 120 kVp; tube 
current, 210 mA; and collimation, 10 mm. The position of the axial single slice 
was adjusted to the level of the basal ganglia to include most of the supratentori- 
al vascular territories which are usually affected by ischemic stroke of the cere- 
brum. Because short arterial rise times are required to meet the condition of the 
underlying mathematical model, the use of an angiographic power injector is 
recommended to achieve high injection rates in the range of 15-20 ml/s. For each 
slice to be investigated, 50 ml high-density contrast material (lopromide 
370 mg/ml. Sobering, Berlin) was injected via a large intravenous cannula (14 
gauge) in the antecubital fossa. 

7.3.2 

Evaluation Procedure 

Following image reconstruction using a time increment and reconstruction time 
of 1 s, images were transferred to an Intel PC-based workstation, where they were 
evaluated by means of the work-in-progress software “Perfusion CT” (Siemens, 
Erlangen, Germany). 

To increase the speed of image processing, several preprocessing steps are car- 
ried out, including segmentation of the images. While exclusion of the skull bone 
is performed using contour finding, pixels representing cerebrospinal fluid (CSF) 
space are eliminated by setting appropriate thresholds. In addition, following re- 
duction of the matrix size to 256, the images are subjected to a smoothing proce- 
dure to compensate for the limited signal-to-noise ratio of the images that results 
from the low contrast enhancement of the brain tissue. To avoid image blurring, 
this algorithm operates separately on brain tissue and vascular structures. Calcu- 
lation of CBF and CBV is based on the generation of time-density curves of each 
pixel as well as the determination of the maximum enhancement within the 
superior sagittal sinus, as mentioned above. Parameters of the cerebral bolus ki- 
netics such as the time to peak and the time to start may also be extracted from 
the curves and likewise shown as functional maps. Because thorough analysis of 
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brain ischemia may be facilitated by comparison of corresponding regions with- 
in both hemispheres, several valuable tools are offered for further evaluation of 
the functional images. These include the use of mirrored regions of interest with 
any functional map as well as the graphical demonstration of the time-density 
curve of any part of the brain section. For better delineation of anatomic struc- 
tures, a maximum-intensity projection (MIP) image of all consecutive images is 
included. Following expansion of the matrix to 512, each functional image may 
be printed on laser hard copies or displayed using an appropriate color scale. The 
time for a complete investigation typically amounts to 15 min, with the process- 
ing time being approximately 2 min. A striking advantage of the algorithm has 
been shown to be that, for calculation of the functional maps, data are extracted 
only from a very short period of time. Impairment of image quality due to patient 
motion is therefore not likely to occur. 

To date, 48 patients with acute ischemic stroke have been included in a clinical 
study to apply perfusion CT within 6 h from symptom onset. Routine unenhanced 
CT scanning of the brain was performed as the initial method in all cases, followed 
by cerebral SPECT imaging using a blood flow tracer (99mTc-ECD) in 18 patients. 
For comparison of ischemic findings, the CBF image generated by functional CT 
and the appropriate slice of SPECT at the level of the basal ganglia were selected. 
Follow-up was performed with CT or magnetic resonance imaging (MRI). 

7.4 

Results 

With regard to the results of the CBF maps, functional CT revealed areas of is- 
chemic brain in 39 of 43 patients who showed definite cerebral infarcts on follow- 
up imaging studies. Thus the sensitivity was 90%. In four patients, no abnormal- 
ity was detected by CT. In all these patients, the ischemic area was located outside 
the CT scan level. Based on their ischemic pattern, infarcts could be reliably clas- 
sified as embolic {n = 34), hemodynamic {n = 2) (Fig. 7.3), or lacunar due to mi- 
croangiopathy {n = 3). The results of the CBF maps corresponded well to SPECT 
findings in 13 of 16 (81%) stroke patients, and two patients were shown to have a 
TIA. In many patients, functional CT revealed various degrees of perfusion im- 
pairment within the ischemic territory, thus giving rise to a very heterogeneous 
appearance. As a rule, the center of a lesion usually representing the core of ische- 
mia showed marked reduction of blood flow, especially if the gray matter of the 
basal ganglia was affected. In these cases, CBV was also reduced and bolus arrival 
was not detectable on the time to peak image (Fig. 7.3). By contrast, at the outer 
margin of an ischemic area, the reduction of CBF and CBV was often less pro- 
nounced, indicating some residual flow via collaterals, as was confirmed by the 
bolus delay on the time to peak map. 

7.5 

Discussion 

The standards of diagnostic imaging have changed considerably over the past 
few years as a result of modern treatment strategies for acute stroke patients. 
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Fig. 7.3a-e. Case 1: patient with thrombosis of the cer- 
vical right internal carotid artery and embolic occlu- 
sion of the middle cerebral artery (MCA), a Standard 
CT was performed 150 min following symptom onset, 
showing slight hypodensity of the insular cortex and 
lentiform nucleus on the right side, b-d Functional 
maps of b cerebral blood flow (CBF), c cerebral blood 
volume (CBV), and d time to peak of bolus arrival 
clearly demonstrate the extent and degree of ischemia 
within the right hemisphere, e Follow-up CT 5 days lat- 
er reveals MCA infarction corresponding well with the 
severe ischemia on the CBF image 




There is now an increasing demand for new modalities which may provide func- 
tional information concerning the perfusion status of the ischemic brain within 
a few minutes. Functional CT of the brain based on the maximum slope model 
has proved to be a very fast and robust new imaging technique for the calculation 
of CBF, CBV, and certain time-dependent parameters of the cerebral bolus kinet- 
ics. Our data showed a clear relationship between CBF values measured using the 
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Fig. 7.4a-c. Case 2: 72-year-old man 
with left hemiparesis with onset 2 h 
earlier, a Conventional CT shows no 
abnormality, b The CBF map shows 
moderate perfusion disturbance of 
the right hemisphere, while c the time 
to peak image reveals delayed bolus 
arrival within the watershed area, 
indicating hemodynamic infarction, 
which was confirmed angiographi- 
cally 



perfusion CT technique and the rise time of the arterial input curve. Given an op- 
timal contrast injection technique, CBF values may easily be calculated based on 
the maximum slope model. Although this modality does not provide accurate re- 
sults for absolute values of CBF and CBV, the image quality is excellent in almost 
all patients, leading to a reliable assessment of cerebral perfusion impairments. 
The results of CBF images based on functional CT correspond well to the findings 
of SPECT, which has been shown to be a reliable technique for cerebral perfusion 
imaging over a period of many years. However, SPECT has the disadvantage of 
being more time-consuming than CT. Even using a single-slice examination, the 
sensitivity of the perfusion maps in our study was surprisingly high. In the case 
of a normal finding on the initial perfusion scan but clear evidence of cerebral is- 
chemia due to clinical symptoms, the examination procedure can easily be re- 
peated at a second level of the brain in order to depict the ischemic area or to ob- 
tain more information regarding the three-dimensional extent of the infarct. 
Thus the results might be even better than 90%. Imaging of the CBF is obviously 
the method of choice for the investigation of patients with acute stroke, because 
perfusion abnormalities can be demonstrated even in the very early phase when 
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the pathological findings of conventional CT are very subtle. For better charac- 
terization of brain ischemia, it may be usefully complemented by details concern- 
ing CBV and information about the arrival time of a contrast bolus. 

7.6 

Conclusion 

While in the near future functional imaging techniques should have a major im- 
pact on therapeutic decision-making in acute stroke patients, perfusion CT may 
be recommended even now for emergency applications in daily patient care due 
to its practicability and wide availability. With regards to optimal management, 
there is a major advantage for patients presenting with acute stroke: After bleed- 
ing has been ruled out by conventional CT, the same modality can be used to ob- 
tain information about the presence of regional perfusion abnormalities of the 
brain. Thus therapeutic decisions can be made immediately after the CT exam- 
ination without moving the patient away to undergo another imaging method. 
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8 The Diagnostic Accuracy and the Role 
of Three-Dimensional CT Angiography 
for the Diagnosis of Cerebral Aneurysms 

S. Tanabe, M. Ohtaki, T. Uede, Y. Ibayashi, K. Hashi 



8.1 

Introduction 

Digital subtraction angiography (DSA) has been considered as the gold standard 
for the diagnosis of cerebral aneurysms. However, this method is fairly invasive 
and requires an experienced and expert operator. Although magnetic resonance 
angiography (MRA) is less invasive, it has less spatial resolution than DSA. Re- 
cently developed three-dimensional computed tomography angiography (CTA) 
is a minimally invasive method and has higher spatial resolution than MRA. In 
this article, we report the usefulness of CTA in the diagnosis of cerebral aneu- 
rysms and its role in surgical planning. 

8.2 

Patients and Imaging Methods 

Since 1992, we have performed CTA consecutively in cases with 111 unruptured 
cerebral aneurysms (73 patients), most of which were known or suspected by 
MRA and/or DSA, and 32 ruptured cerebral aneurysms (21 patients). The loca- 
tion of these aneurysms were as follows: anterior cerebral artery (ACA) (n = 27), 
middle cerebral artery (MCA) (n = 31), internal carotid artery (ICA) (n = 62), 
basilar artery (BA) (n = l9), and vertebral artery ( VA) (n = 4). With respect to the 
size of aneurysms, 44 aneurysms had a diameter of 1-3 mm, 72 aneurysms a di- 
ameter of 4-1 1 mm, 24 aneurysms a diameter of 12-40 mm; there were also three 
fusiform aneurysms. 

CTA images were obtained using a Somatom Plus-S CT scanner with 
120-140 kV, 180-210 mA, a slice thickness of 1 mm, a table increment of 1 mm/s, 
and an image interval of 1 mm. The three-dimensional images were reconstruct- 
ed with the shaded surface reconstruction (SSR) method through a threshold of 
120-180 HU and additionally 250-350 HU for detection of intracavernous ICA 
aneurysms. Maximum-intensity projection (MIP) and volume rendering modes 
were also employed. Nonionic iodinated contrast medium of 240-350 mgl/ml 
was administered at a rate of 4 ml/s using an automatic injector, and the total 
intravenous infusion volume was 150 ml. The scan was started 15-25 s after the 
initiation of the contrast medium injection. 

In the present study, we adopted 4 key concepts to detect cerebral aneurysms 
at a higher rate: 

1. A higher CT value of the target vessels by using large doses of the contrast me- 
dium is essential. 
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2. This method makes higher threshold image processing possible. 

3. Target CTA with a 5- to 7-cm field of view is indispensable to investigate the 
target single vessel in detail. 

4. The target images are reconstructed from all perspectives. In particular, the 
view from the opposite side should be investigated. 

8.3 

Diagnosis of Cerebral Aneurysms with CTA 
8.3.1 

Accuracy in Detection and Characterization 

The results of our study indicate the distinct advantages of CTA in the diagnosis 
of cerebral aneurysms as compared to MRA and DSA, as described below. CTA 
was able to detect 140 of 143 aneurysms, i.e., had a high diagnostic rate of 97.9%, 
including two false-negative and one false-positive results. Concerning the size of 
aneurysms, CTA was able to demonstrate aneurysms with a diameter of more 
than 1 mm because of its higher spatial resolution (Fig. 8.1). 

Three-dimensional image displays obtained by CTA are fundamentally differ- 
ent from the two-dimensional projection images of MRA and DSA. Thus CTA 



Fig.8.1a-d. ICA anterior choroidal artery aneurysm (1.5 mm in diameter) 
a CTA (posteroanterior view); b CTA (lateral view); c; d operative finding. For abbreviations in 
figure legends, refer to text 
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provides the useful anatomical presentation of the aneurysmal lesion, such as the 
shape of the neck and dome, the direction of aneurysmal growth, and adjacent 
arterial branches. In the present study, CTA was apparently superior to MRA in 
the diagnosis of any size of cerebral aneurysms (Fig. 8.2): small-sized (1-3 mm in 
diameter) in 25 of 26 aneurysms, medium-sized (4-11 mm) in 30 of 36 aneu- 
rysms, large-sized (12-40 mm) in 15 of 16 aneurysms (Table 8.1). Additionally, 
CTA was quite advantageous in the accurate detection of small-sized aneurysms 
as compared to DSA (18 out of 28 aneurysms detected). In most large-sized aneu- 
rysms, i.e., 12 of 18, CTA was considered more useful, particularly for surgical 
planning, because of detailed presentation of the aneurysmal neck and because it 
was independent of turbulent flow (Table 8.1, Fig. 8.3). MIP images were able to 
depict calcification within the arterial wall. This alerts the surgeon to possible 
intraoperative risk, especially while clipping the aneurysm. 

In subarachnoid hemorrhage (SAH) resulting from ruptured cerebral aneu- 
rysms, excellent visualization of the intracranial vasculature was obtained by or- 
dinal image processing. The CT number of acute subarachnoid clots did not usu- 
ally exceed 90 HU; thus there was no difficulty in demonstrating contrast-filling 
arteries and aneurysms surrounded with blood clots by elevating thresholds up 
to 150 HU in SSR images (Fig. 8.4). 

8.3.2 

Disadvantages of CTA 

CTA has several definite limitations to date. First, overlap with the skull base bone 
can constitute a major problem, especially in the detection of infraclinoidal aneu- 



Table 1. Comparison of diagnostic usefulness between CTA and DSA, MRA (94 cases, 143 
aneurysms) 



Diameter of aneurysm Diagnostic usefulness 



1-3 mm 


CTA > MRA 


25/26 




(44 aneurysms) 


CTA = MRA 


1/26 






CTA > DSA 


18/28 






CTA = DSA 


8/28 


(false positive) 




CTA < DSA 


2/28 


(false positive, false negative) 


4-11 mm 


CTA > MRA 


30/36 




(72 aneurysms) 


CTA = MRA 


6/36 






CTA > DSA 


12/48 






CTA = DSA 


33/48 






CTA < DSA 


3/48 




12-40 mm 


CTA > MRA 


15/16 




(24 aneurysms) 


CTA = MRA 


1/16 






CTA > DSA 


12/18 






CTA = DSA 


6/18 




Fusiform 


CTA > MRA 


2 




(3 aneurysms) 


CTA = DSA 


1 








ICA 



Neck 



Fig. 8.3a-d. ICA ophthalmic artery aneurysm (17 mm in diameter). 

a DSA; b CTA (superoinferior view); c target CTA (superoinferior view); d target CTA (infero- 
superior view) 



rysms. It is necessary during post-image processing to exclude the clinoidal pro- 
cesses, the lesser sphenoid wing, the clivus, and so on. These manipulations may 
be time-consuming. In such cases, however, CTA provides useful information 
concerning the anatomical relationship between the aneurysm and the bony 
structures, which can help surgical simulation for ICA and upper basilar trunk 
aneurysms. Early enhancement of the cavernous sinus can obscure the cavernous 
portion of the ICA, with the result that intracavernous aneurysms may be over- 
looked. As mentioned above, by means of both the large-dose infusion of contrast 
medium and elevation of the threshold over 250 HU in SSR images, aneurysms 
within or close to the cavernous sinus can be clearly visible (Fig. 8.5). Second, it is 
very hard to demonstrate the small vessels such as perforating arteries, hypoplas- 
tic posterior communicating arteries, and anterior choroidal arteries. Third, CTA 
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Fig. 8.4a-d. Multiple aneurysm 
[ruptured IC-CP (6 mm in diam- 
eter); unruptured ICA terminal 
(2 mm in diameter)], a Plain CT; 
b CTA (superoinferior view); c 
target CTA (superoinferior view): 
d target CTA (posteroanterior 
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Fig. 8.5a-c. ICA cavernous aneurysm (15 mm in diameter), 

a DSA; b CTA (SSR image at threshold level of 150 HU); c CTA (SSR image at threshold level of 
250 HU) 

fails to give information about the blood flow characteristics. The final and ma- 
jor disadvantages are the necessity for intravenous iodinated contrast medium 
and the possible side effects of irradiation. 

8.4 

Role of CTA in Surgical Planning: Is DSA Necessary? 

Based on previous experiences and the definite advantages of CTA, we aimed to 
investigate the possibility of aneurysmal clipping after only referring to images 
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obtained by CTA. Between January 1995 and August 1997, 42 cerebral aneurysms 
in 29 patients were diagnosed with CTA, including five patients (eight aneu- 
rysms) with SAH. Among these cases, 17 patients with 22 cerebral aneurysms 
underwent surgery; five of these aneurysms were located on the anterior commu- 
nicating artery, 12 on the MCA, and five on the ICA. The majority of aneurysms 
were less than 1 1 mm in size. All aneurysms detected with CTA were proved 
under direct observation during surgery. In comparison with intraoperative find- 
ings, the exact size of the aneurysm, its shape, and the relationship of the parent 
artery and its branches to the aneurysmal sac were highly consistent with three- 
dimensional reconstruction CTA images. 

For surgical planning, SSR images provide a good three-dimensional presen- 
tation of the aneurysmal lesion. In patients with aneurysms of the anterior com- 
municating artery, information about the direction of the aneurysm, the distance 
from the planum sphenoidale, and its relationship with both A2 segments of the 
ACA and fenestrations of the anterior communicating artery were indispensable 
for direct clipping (Fig. 8.6). Anatomical relationships with Mi and M2 segments 




Fig. 8.6a-d. Anterior communicating artery aneurysm (5 mm in diameter), 
a CTA (anteroposterior view); b CTA (surgical simulation image); c,d operative findings 
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and the sylvian veins were easily understood for clipping of MCA aneurysms 
(Fig. 8.7). As mentioned before, SSR images facilitated anatomical understanding 
of surrounding bony structures near the ICA aneurysms. 

During the same period, DSA was performed on 15 patients with 24 unrup- 
tured cerebral aneurysms for various reasons. Fifteen aneurysms were located on 
the ICA, one on the MCA, seven on the BA. and one on the VA. Nine of the 15 an- 
eurysms were over 14 mm in diameter. One of the reasons why DSA was carried 
out was that the assessment of hemodynamics during the proximal occlusion was 
essential for direct clipping in ten cases (Fig. 8.8). Other reasons were routine in- 
spection in three cases, coexistence with a petroclival meningioma in one case, 
and an inquiry into the presence of perforating arteries around the BA top aneu- 
rysm in one case. 



Fig. 8.7a, b. Middle cerebral ar- 
tery aneurysm (8 mm in diame- 
ter). a CTA (superoinferior view); 
b CTA (inferosuperior view) 
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Fig. 8.7c, d. Middle cerebral artery aneurysm (8 mm in diameter), c target CTA (superoinferior 
view); d target CTA (inferosuperior view) 



From these results, it seems clear that CTA will eventually be able to replace 
DSA in the assessment of selected patients with small and medium-sized aneu- 
rysms located on the anterior part of the circle of Willis. For the time being, how- 
ever, in patients with large aneurysms more than 14 mm in size, DSA is indicated 
for hemodynamic evaluation, since intraoperative temporary occlusion of the 
parent artery is expected. 
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Fig. 8.8a-d. Giant thrombosed basilar artery aneurysms [BA-SCA (32 mm in diameter), BA top 
(11 mm in diameter)], a DSA; b CTA (superoinferior view); c target CTA (posteroanterior view); 
d target CTA (superoinferior view) 
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9 Spiral CT vs. Subsecond Conventional CT 
in Head and Neck Malignancies 

R. Maroldi, G. Battaglia, P. Maculotti, D. Farina, F. Codazzi, A. Chiesa 



9.1 

Introduction 

Motion, respiration artifacts, and swallowing very often affect the image quality 
of conventional CT (CCT) studies of head and neck malignancies and make im- 
possible to obtain a detailed assessment of neoplastic extent. Incomplete infor- 
mation about the involvement of structures adjacent to the tumor may lead to 
both inadequate resection and defective radiation treatment planning. 

To avoid these artifacts the shortest possible scanning time is required. Be- 
cause spiral CT (SCT) allows fast volumetric data acquisition, it should permit 
the imaging of even large areas with minimal artifacts due to reduced patient 
cooperation [1]. Additionally, 2D and 3D reconstructions can be calculated out of 
the data set, providing high-quality images [2, 3] . Moreover, reduced contrast ma- 
terial (CM) doses are required to obtain adequate or better vascular and tissue 
enhancement compared to CCT [4]. 

Previous studies demonstrated that CM can be used more efficiently on SCT 
of the lung and the abdomen. Because of its relative short scan duration the en- 
tire liver can be imaged during both the arterial and portal phases without scan- 
ning during the equilibrium phase of enhancement. As a result, improved depic- 
tion of hepatic lesions has been demonstrated when such biphasic SCT technique 
is used [5]. 

The purpose of this study was to prospectively compare SCT with CCT for as- 
sessing the local neoplastic extent of head and neck malignancies using a fast CT 
equipment (0.7-s scan time) and performing a dual-phase CT technique. This 
combined a very short delay between CM injection and SCT scanning with a CCT 
obtained immediately after SCT and a second CM injection. 

9.2 

Patients and Methods 

Sixty-one patients suspected of laryngeal-hypopharyngeal (n = 38), oro-nasoph- 
aryngeal (n = 15), and neck (n = S) abnormalities underwent CT studies, using 
spiral and conventional techniques. There were 41 men and 20 women; ages 
ranged from 29 to 78 years (mean 51.1). The distribution of lesions is given in 
Table 9.1. All examinations were performed on a Somatom Plus 4 (Siemens, 
Erlangen, Germany). Each patient had two SCT studies, plain and contrast 
enhanced examinations. A CM volume of 80 ml (Optiray 320, Mallinckrodt Med- 
ical) was administered by a power injector at a flow rate of 3 ml/s. Time delay 
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Table 9.1. Distribution of 
lesions (n = 6l) 





Primary tumor 


Recurrent tumor 


Glottis 


9 


1 


Supraglottis 


20 


2 


Hypopharynx 


6 


0 


Oropharynx 


8 


0 


Nasopharynx 


7 


0 


Lymph nodes 


6 


2 



between starting of injection and start of spiral acquisition was 30 s. A CCT 
(scanning time 0.7 s, interscan duration 8 s) was obtained immediately after the 
enhanced SCT along with a second CM injection (40 ml, 1 ml/s). Both CCT and 
SCT studies were obtained using 3 -mm section collimation and 2/3 -mm incre- 
ments (CCT). The SCT images were also reconstructed at the same increments. 

The SCT and CCT images were compared by two observers who evaluated 
breath and motion artifacts and enhancement of vessels and of neoplastic tissue; 
agreement between the observers was obtained. Artifacts were rated assessing 
scores of 1-3, where 1 represented more than 3 degraded images, 2 less than 3 de- 
graded images, and 3 no artifact at all on any image. Increase in density of vessels, 
neoplastic tissue, and neck muscles from plain to both enhanced SCT (DHU SCT) 
and CCT (DHU CCT) was measured. 

Differences were assessed using standard parametric statistical techniques 
(average scores for each parameter in both techniques and densities were com- 
pared using a two-tailed t test, difference was considered significant when 
p<0.05). 

9.3 

Results 

A summary of results comparing SCT and CCT studies is presented in Table 9.2. 
Both techniques allowed good to excellent visualization of the anatomy in the dif- 
ferent areas of the neck. At any level of the neck SCT had less breath and motion 
artifacts than CCT, this difference being greater for the glottis (2.60 vs. 2.30), the 
supraglottis (2.59 vs. 2.36), and the oropharynx (2.62 vs. 2.37). However, although 
SCT was superior to CCT, in no anatomical area of the neck was the difference 
between the two average scores statistically significant. 



Table 9.2. Breath and motion 
artifacts: SCT versus CCT 
(n = 61) 





SCT 


CCT 


Glottis (n = 10) 


2.60 + 0.69 


2.30 ±0.67 


Supraglottis (n = 22) 


2.59 ±0.59 


2.36 ±0.65 


Hypopharynx (n = 6) 


2.83 ±0.40 


2.66 ±0.51 


Oropharynx (n = 8) 


2.62 ±0.51 


2.37 ±0.74 


Nasopharynx (n = 7) 


2.85 ±0.37 


2.71 ±0.48 


Lymph nodes (n = 8) 


2.75 ±0.46 


2.62 ±0.51 
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Mean enhancement (absolute HU values) of neck vessels was 209.64 ± 13.68 at 
SCT and 119.37 ±10.27 at CCT for common carotid/internal carotid arteries 
(p< 0.001), 196.57 ± 12.46 (SCT) and 11 1.77 ±8.87 (CCT) for the internal jugular 
vein (p< 0.001). 

The enhancement of neoplastic tissue differed significantly between SCT and 
CCT only for hypopharyngeal neoplasms (47.83 ± 1 1.26 vs. 20.5 ± 7.39, p = 0.013; 
Table 9.3). In all six piriform sinus lesions, intense and rather homogeneous en- 
hancement was detected on SCT. On subsequent CCT the density of neoplastic 
tissue resulted remarkably lower. A thin hyperdense rim between tumor and ad- 
jacent normal tissue was present on CCT only (Fig. 9.1). In the subset of glottic 
and supraglottic laryngeal neoplasms the trend was the opposite, with enhance- 
ment being superior on CCT than on SCT in most cases (Fig. 9.2). The lowest 



Table 9.3. Enhancement of tu- 
mor on SCT and CCT, com- 
pared to plain SCT, DHU SCT, 
and DHU CCT, increased 
density between plain SCT 
and enhanced SCT or CCT 



DHU SCT DHU CCT p 



Glottis (n = l0) 




21.4 


± 


11.87 


31.6 


± 


13.38 


NS 


Supraglottis (n = 


22) 


30.18 


± 


14.29 


36.9 


± 


15.45 


NS 


Hypopharynx (n 


= 6) 


47.83 


± 


11.26 


20.5 


± 


7.39 


0.013 


Oropharynx (n = 


= 8) 


28.62 


+ 


12.75 


17.75 + 


7.04 


N 


Nasopharynx (n ■ 


= 7) 


11.57 


± 


4.57 


19 


± 


6.68 


NS 


Lymph nodes {n 


= 8) 


16.5 


± 


10.98 


19.62 + 


5.80 


NS 



Fig. 9.1a, b. Carcinoma of the right 
piriform sinus, invading the thy- 
roid cartilage, a SCT allows an ex- 
cellent and prompt enhancement 
of the neoplasm {T).h On CCT the 
same lesion becomes hypodense. 
An hyperdense rim delineates the 
borders of the tumor 
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A V.. 






If 






Fig. 9.3a, b. Partially necrotic laterocervical lymphadenopathy (level II-III). a On SCT the node 
(L), poorly enhanced, is not easily discriminated from the adjacent sterno cleidomastoid muscle, 
b CCT allows a more precise assessment of the lesion extent due to its late enhancement. 
Although the enhancement of neck vessels appears remarkably higher on SCT, the opacification 
of vessels on CCT results adequate 



variations in tumor densities were observed among nasopharyngeal lesions 
(11.57 ±4.57 on SCT, 19 + 6.68 on CCT) and neck lymph nodes (16.5 ± 10.98 on 
SCT, 19.62 ±5.8; Fig. 9.3). Mean enhancement of muscles was lower on SCT 
(5.75 ±2.65) than on CCT (9.12 ±4.08), the difference being statistically signifi- 
cant (p = 0.0281). 

9.4 

Discussion 



The results of this prospective study demonstrate an overall better image quality 
with SCT than with CCT. However, no abnormality was missed using CCT. These 
data are similar to those of Mukherji et al. [6] and Robert et al. [7] who demon- 
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strated that anatomical information provided by SCT studies is at least equal to if 
not better than that from CCT. In selected lesions quiet respiration scans allowed 
the adequate imaging of true vocal cords and anterior and posterior commissure 
on CCT. 

An accurate assessment of the extent of tumor is required to plan the proper 
treatment in head and neck malignancies. In most cases the neoplasm can be dis- 
tinguished by mean of both morphological changes (mass effect, distortion) and 
abnormal density. Therefore notable differences of enhancement between lesions 
and normal tissue are effective. In this study all lesions were detected by SCT and 
CCT. Additionally, no significant difference in the assessment of neoplastic extent 
was observed between the two techniques. 




Fig. 9.4a, b. Carcinoma of the base of the tongue, a On plain study the lesion (T) results isodense 
to adjacent muscles, b After CM injection a moderate homogeneous enhancement is obtained on 
SCT. Small level II nodes (n) are easily discriminated from hyperdense surrounding neck vessels 




Fig. 9.5a, b. Supraglottic carcinoma arising from the infrahyoid epiglottis, a The neoplasm (T) 
shows a moderate and homogeneous enhancement on SCT. b On CCT the same lesion appears 
relatively hypodense, with a peripheral hyperdense rim (arrows). Excellent to adequate opacifi- 
cation of common carotid arteries and internal jugular vein can be appreciated on both SCT and 
CCT 
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The results of the investigation show that all the hypopharyngeal tumors ex- 
amined (6/6), some of the oropharyngeal (2/8; Fig. 9.4), supraglottic (4/22; 
Fig. 9.5), and one glottic neoplasm present a prompt and fast disappearing en- 
hancement, ranging from 37 to 69 HU (average 47.83) during SCT. On subsequent 
CCT the density of these tumors quickly declined. All the remaining neoplasms 
presented an opposite pattern, with densities being higher on CCT studies. These 
data suggest that squamous cell carcinomas arising from a very restricted area 
made up of pharynx and adjacent mucosa of the supraglottic larynx can exhibit 
a very similar pattern of tissue enhancement. 

Previous studies compared SCT and CCT examinations of the neck. Patterns 
of the enhancement of normal cervical structures (vessels, muscles) have been 
reported using a dual phase technique with two boluses of 50 ml CM, flow rates 
not exceeding 2 ml/s and a long delay (more than 3 min) [4, 8]. The results of the 
current study show that a lower dose (80 ml) of CM, delivered at 3 ml/s, and a 
shorter delay (30 s) provide an excellent opacification of neck vessels in all cases. 
The absolute HU values measured for carotid arteries and jugular vein are super- 
ior to those obtained by other investigators [4]. Nevertheless, SCT did not provide 
a superior enhancement of neoplastic tissues or muscles in comparison to CCT, 
except for hypopharyngeal tumors. 

In conclusion, both SCT and CCT can be used to perform high-quality image 
examinations of head and neck malignancies. In the current study CCT images 
provided by a very fast subsecond equipment (0.7 s) resulted more adequate than 
a short delayed SCT in achieving tumor enhancement. 
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10 spiral CT in Maxillofacial Trauma 
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N.-C. Gellrich, M. Langer 



10.1 

Introduction 

The development of spiral computed tomography (CT) has been a major advance 
in the radiological evaluation of patients suffering maxillofacial injuries in the 
acute setting. Because of the high-speed data acquisition of current CT scanners, 
detailed information about most facial bone areas may be obtained in a very 
short period of time, i.e., about 40-60 s. 

From a clinical standpoint this is extremely important. With this reduction in 
examination time, polytraumatized patients with clinical signs of maxillofacial 
injuries may be scanned immediately after the standard CT head examination, 
thus defining the severity of the lesions and the timing of a necessary surgical ap- 
proach. This is especially important in cases of orbital fractures, when a surgical 
decompression may be indicated to prevent irreversible optic nerve damage. 

We present here a succint review of practical technical and clinical aspects 
concerning spiral CT in the evaluation of the patient with a maxillofacial trauma. 

10.2 

Technical and Clinical Correlation 

Spiral CT differs from conventional CT in that the examined anatomical region of 
interest, as in this case the maxillofacial complex, can be imaged via rapid contin- 
uous scanning and patient transport. Initially some concern about image quality 
was discussed, taking into account the widening of section sensitivity profiles 
due to transport during scanning [11]. However, experimental [14] and clinical 
[17] studies confirmed similar diagnostic image quality using appropriate pa- 
rameters. In this context, the use of narrow- width slice thickness with a collima- 
tion of 2-3 mm, a minimal table incrementation of 3 mm/s or less and a high-or- 
der interpolation algorithm seems to be essential to evaluate the partly very thin 
osseous structures of the maxillofacial region [14]. Concerning specific scanning 
parameters there are still some controversy in literature. 

Some authors [14, 17] still consider spiral CT scans with 2-mm slice thickness, 
3-mm table feed, and 1-mm increment as adequate for the evaluation of the cra- 
niofacial region. This approach is certainly useful in the evaluation of patients 
with associated facial and mandibular fractures. However, if there are no clinical 
signs of mandibular trauma and an adequate evaluation of visual impairment is 
not possible, as in unconcious patients, a transaxial approach using 1-mm slice 
thickness, 2-mm table feed, and 1-mm increment should be preferred (see Ta- 
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Table 10.1. Examination protocol in the evaluation of midfacial fractures in the acute setting 



Examination technique 




Primary axial scanning (compare region of in- 
terest as shown in the figure) 

Spiral CT: Imaging parameters 
Slice thickness 1 (2) mm 
Table feed 2 (3) mm 
Increment 1 mm 



Standard: 

Coronal 2D-reconstructions 



Optional: 

3D-CT reconstructions: 
panfacial fractures 



ble 10.1). As Luka et al. [12] underlined in a clinical study including 314 patients, 
all dislocated fractures of the orbital floor or herniations of extraocular muscles 
are reliably identified using this narrow-width approach. Coronal reconstruc- 
tions are mandatory in this setting beginning at the level of the clivus up to the 
nasal region. The increment of 1 mm is necessary to enhance longitudinal reso- 
lution. This approach also facilitates the diagnosis of orbital apex fractures with 
accurate delineation of fracture lines involving the optic nerve canal and sur- 
rounding regions (Fig. 10.1). Furthermore, current scanners, as the Somatom 
Plus 4 (Siemens, Erlangen, Germany) used in our institution, allow the examina- 
tion of the entire midface including the skull base in a single spiral CT image ac- 
quisition (up to 60-70 s) depending on rotation time and mAs value. 

Perhaps the most relevant clinical improvement in spiral CT data acquisition 
is its capability to generate high quality two-dimensional (2D) multiplanar refor- 
matted reconstructions (MPR) as well as three-dimensional (3D) images. 

3D reconstructions of the spiral CT data set may be obtained using two basic 
different techniques: the surface rendering and the volumen rendering tech- 
nique. The surface rendering technique relies on the definition of a threshold val- 
ue to eliminate voxels above or below the threshold [10]. A typical treshold value 
to evaluate the facial skeleton lies between 140 and 200 HU (Figs. 10.1b, Fig. 10.2). 
A standard reconstruction algorithm of the primary axial CT data should be pre- 
ferred (Kernel AH 10-50). Illumination by virtual light sources as well as cutting 
overlying structures are useful processing tools. 

The basic characteristic of the surface rendering technique is the need to iso- 
late/segmentate the structure to be imaged from the data volume. On the other 
hand, a volumen-rendering technique does not require segmentation because it 
is based on projecting a data volume onto an image plane while assigning differ- 
ent optical transparencies or colors to different tissues [9]. Moreover, a volumen- 




78 



C. H. Buitrago-Tellez et al. 




rendering technique allows a real-time 3D visualization of the whole data vol- 
ume, thus enabling a virtual endoscopy of such structures as the optic canal or 
the orbital region (Fig. lO.lc-e). 



Fig. lO.la-f. Severe craniofacial trauma, a Secondary 2D coronal reconstruction based on a spi- 
ral CT data set (1 X 2 X 1 mm). Note the transfacial fracture with bilateral fracture of both ptery- 
goid processes. Note also the angulation of the fractured roof of the sphenoidal sinus, b Frontal 
3D CT view with a surface rendering technique (threshold: 150 HU). Note complex panfacial 
fracture including a displaced tripod fracture as well as a heminasoethmoidal fracture on the 
right, an impression fracture of the frontal skull, a low maxillary fracture at the Lefort level I on 
the left as well as a frontoparietal calotte fracture, c Cranial 3D CT view using a volumen-render- 
ing technique. Note multiple fracture lines through the frontobasis. d Virtual endoscopy of the 
orbital region based on the volumen rendering technique. Initial localization of the optic canal, 
e Fly through the optic canal shows a bone fragment partially occluding the endocranial margins 
of the canal, f Authopsy findings. One week later the patient died because of severe intracranial 
bleeding. Autopsy confirmed the avulsion of a fragment of the roof of the sphenoidal sinus with 
direct lesion of the optic nerve on the left 
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10.3 

Clinical Relevance 

Complex maxillofacial trauma repair requires precise surgical technique with lit- 
tle margin for error. The general objectives of imaging studies are therefore to de- 
fine precisely the therapeutically relevant anatomical regions involved, to de- 
scribe the degree of comminution or displacement of fragments, to detect os- 
seous defects requiring bone grafts, and to allow an analysis of facial asymmetry. 
As Manson et al. [13] have emphasized, CT is especially accurate in defining the 
pattern of comminution of maxillofacial fractures [13]. Moreover, Hemmy [8] 
commented on the report of Manson that the appreciation of facial fractures and 
the devising of a correct surgical solution require a 3D comprehension. 
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The refinement in the technique of radiological assessment of maxillofacial 
fractures is achieved by spiral CT. Spiral CT allows the examination of a polytrau- 
matized patient with associated maxillofacial injuries in a very short period of 
time and with the capabilities of high-quality 2D and 3D image reconstructions. 

Concerning the clinical relevance of 2D MPR, there is consensus about its val- 
ue in the diagnosis of orbital fractures, especially involving the orbital floor and 
roof. Coronal, as well as oblique reconstructions along the optic nerve are man- 
datory [1, 12]. Condylar fractures, luxations, and subluxations are also well de- 
tected by coronal and sagittal 2D reconstructions. Isolated evaluation of 2D MPR 
reconstructions are less effective than axial CT images obtained from a spiral CT 
data set to evaluate complex maxillofacial fractures, as demonstrated by Fox et al. 
[7]. 

Although no randomized studies have compared direct coronal CT studies 
with secondary 2D coronal reconstruction for the evaluation of orbital floor frac- 
tures, there is clinical evidence [12] of its usefulness using the narrow- width ap- 
proach (1x2x1 mm). Moreover, metal artifacts resulting from crowns, bridges, 
and metal fillings do not compromise diagnostic image quality of the orbital 
floor, as often occurs in direct coronal CT. Another practical point is the inability 
of polytraumatized patients to be examined in prone position. 

Concerning the clinical relevance of high-quality 3D reconstructions there is 
still some controversy [1-5, 7, 12, 15]. After the publication of the first 3D recon- 
structions based on spiral CT data [6] several research groups addressed this 
question. Disadvantages of 3D CT reconstructions using the surface rendering 
technique include their inability to display nondisplaced fractures and the pres- 
ence of pseudoforamina in the thin lamellar bones of the medial orbital wall, 
floor, and roof as well as in the walls of the maxillary sinuses [1]. However, 3D CT 
allows an accurate evaluation of rotated fractured fragments [1], complex frac- 
tures involving multiple planes [7], asymmetries of the whole face and skull, large 
defects of the midface, skull vault and fractures with major dislocation [5], and 
condylar fractures/luxations [2]. 

Moreover, a standardization of 3D CT projections for mandibular and tempor- 
omandibular disorders, including trauma [2], and in the setting of maxillofacial 
trauma [3] has been proposed to enhance the reproducibility of 3D CT examina- 
tions for inter- and intraindividual comparison. 

3D CT reconstructions are also recommended in the preoperative assessment 
of panfacial fractures to help the maxillofacial surgeon conceptualize the overall 
injury [15] and the involvement of facial buttresses (Fig. 10.2). 

Finally, both 3D CT reconstructions and spiral CT datasets are the basis for 
producing life-size 3D stereolithographic models for preoperative planning, es- 
pecially in the setting of posttraumatic deformities or osseous defects [4, 16]. 

3D laser stereolithography is an additive process building objects through 
layer-by-layer polymerization of a photosensitive resin. Combining an imaging 
technology such as CT with rapid prototyping technology such as laser stereoli- 
thography allows the generation of 3D hard copies of the cranium for preopera- 
tive planning. In addition, virtual-reality prosthesis design enables an exact im- 
plant design in cases of severe osseous loss. There is also the possibility of using 
computer-aided manufacturing to prepare artificial bone - hydroxyapatite - or 





Fig. 10.2a, b. Complex craniofacial fracture after an accident in the forest, a Oblique 3D CT view 
(surface rendering technique) from the right demonstrating an isolated displacement of the 
zygomatico-temporal component of the zygomatic buttress. Note multiple calotte fractures, 
b Oblique 3D CT view from the left. Note displaced fractures involving the zygomatico-tempo- 
ral, zygomatico-maxillary, and zygomatico-frontal components of the zygomatic buttress. Note 
also the fractures of the paranasal and pterygo-maxillary buttresses 



titan prostheses. The advantages of those prostheses are a reduction in operation 
time and a decreased risk of infection secondary to reduction of dead space in 
the interface prostheses-bone [4]. 

10.4 

Conclusions and Perspectives 

Spiral CT represents a major advantage in examining the polytraumatized pa- 
tient with associated maxillofacial injury due to its reduction of examination 
time and capabilities of narrow- width transaxial imaging. High-quality 2D mul- 
tiplanar reconstructions, especially in the coronal plane, allow a diagnostic eval- 
uation of orbital structures using an examination technique with thin slices. 

3D CT reconstructions based on a spiral-CT data set are further indicated in 
the presence of panfacial fractures, rotated fractured fragments, large asymme- 
tries or osseous defects of the midface, complex condylar injuries and posttrau- 
matic deformities. Spiral CT scan data represent an optimal basis for 3D stereo- 
lithographic models in cases of posttraumatic deformities or osseous defects. 

The 3D volumen-rendering technique based on axial spiral CT data with nar- 
row-width approach allows a real-time evaluation of complex maxillofacial frac- 
tures with the capabilities of a virtual endoscopy of the orbital region, especially 
evaluating the osseous margins of the optic canal. This may play a role in the pre- 
operative planning of endoscopic orbital decompression procedures. 

Spiral CT data obtained with special designed reference markers allow the 
clinical use of navigation systems in surgical procedures involving the maxillofa- 
cial complex. 
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11.1 

Introduction 

Computed tomography angiography (CTA) is a well-established minimally inva- 
sive tool for imaging of the aorta and the supra- aortic side branches as well as the 
pulmonary vasculature. Thoracic applications of CTA were suggested very early 
on [5, 9, 13]. Several publications document that CTA can yield excellent results, 
both for aortic disease and the diagnosis of pulmonary embolism [8, 15]. Since 
the various types of pathology place varying demands on spatial and contrast 
resolution, the examination technique has to be adapted accordingly. 

We will discuss the most important factors that influence image quality and 
give suggestions for examination techniques with the Somatom Plus 4A. We will 
suggest how classical problems such as streak artifacts in the brachiocephalic 
veins or pulsation effects in the ascending aorta can be reduced, and how the fast- 
er tube rotation can be used to improve spatial resolution, to improve vascular 
contrast, or reduce the total amount of contrast agent. 

11.2 

Imaging Technique 

With respect to imaging techniques, we distinguish three major groups of exam- 
inations: 

1. Examinations that place few demands on technique, such as the evaluation of 
aneurysms of the ascending aorta. 

2. Scans that place moderate demands on spatial resolution but high demands 
on intravascular contrast, since various types of three-dimensional displays 
may be required. This group includes more complex types of aortic disease, 
especially disease that might involve the aortic arch. 

3. Evaluation of the central pulmonary arteries, mainly for acute and chronic 
pulmonary thrombembolism. 

Since there is a multitude of variable parameters that determine the spiral scan 
and reconstruction and the mode of contrast application, it is important to pro- 
vide a simple and intuitive way to describe them. In clinical routine practice, we 
have found the abbreviations given in Table 11.1 most helpful for defining exam- 
ination protocols. Since these abbreviations contain the most relevant parame- 
ters that influence image quality in a spiral scan, this mode of description allows 
for a fast and individualized prescription of examination protocols. Table 11.1 
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Table 11.1. Scan parameters 

Spiral scan SC/TF/RI Contrast V/F/DX 

injection 



Precontrast scan (r/o bleeding) 

Protocol A: low technical requirements 
Aorta (e.g., ascending aortic aneurysm) 

Protocol B: three dimensional visualization 
Aorta (e.g. aneurysm of aortic arch) 

Aorta (complex pathology, femoral injection) 
Aortic arch and supra-aortic arteries (40-60 s) 

Protocol C: pulmonary vasculature 
Pulmonary embolism 



7/12/6 


t 


- 


7/12/6 


t 


50-^50/2/10P 


3/5/2 


t 


120-H60/4/5A 


3/5/2 


i 


120-H60/4/5A 


2/4/2 


t 


150 + 40/4/5RV 


2/4/2 


t 


120 + 60/4/5RV 



Contrast concentration, 300 mg iodine/ml. 

SC, slice collimation (mm); TF, table feed (mm per tube rotation); RI, reconstruction increment 
(mm); t i, scan direction (caudocranial/craniocaudal), 30-s breathhold phase; V, contrast 
volume (ml); F, flow rate (ml/s); D, start delay (s); X, region of interest (ROI) for bolus triggering; 
P, pulmonary artery; A, ascending aorta; RV, right ventricle). 



summarizes the scan parameters that we suggest for the three imaging tasks de- 
fined above. 

11.2.1 

Slice Collimation and Pitch Factor 

Depending on the imaging task, the scan protocol has to be adapted to the re- 
quired spatial resolution along the z-axis. For simple aneurysms of the ascending 
aorta, the z-axis resolution is not a critical factor, since the structures of interest 
are large and can be adequately displayed independent of slice thickness and vas- 
cular contrast. The spatial resolution along the z-axis should be higher for pa- 
tients with aortic dissection or complex aortic anatomy, especially in the region 
of the aortic arch and the supra-aortic vessels. The highest z-axis resolution is 
necessary for the display of peripheral pulmonary vessels whenever pulmonary 
embolism needs to be be ruled out. The higher the z-axis resolution, the more 
subsegmental vessels can be evaluated even if they run parallel or oblique relative 
to the scan plane [11]. 

For maximum spatial resolution, small collimation and large pitch factors are 
best suited. In general, pitch factors greater than 1.5 should be used [12]. 

11.2.2 

Raw Data Interpolation 

The “slim2” raw data interpolation is preferable to the “slim” interpolation, since 
spatial resolution along the z-axis is similar and noise is reduced by 23% (see 
Chap. 3, this volume). “Wide” may be helpful to decrease pulsation in the ascend- 
ing aorta [2]. 
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11.2.3 

Reconstruction Increment 

For simple imaging tasks, reconstruction increment (RI) is not a limiting factor. 
However, whenever three-dimensional image displays are considered, highly 
overlapping reconstruction is advisable. RI of 1-3 mm will optimize spatial reso- 
lution along the z-axis [3]. 

11.2.4 

Scan Length and Scan Time 

Total scan time (TI) is generally limited by the breathhold period. Given proper 
instruction prior to the spiral scan, most patients will tolerate a 30-s breathhold. 
In those patients who are not able to hold their breath for more than 15 s, quiet 
respiration should be preferred to attempting a breathhold examination, as sud- 
den inspiratory movements cause major artifacts if the patients starts to breathe 
too early. 

TI and scan length (L) are directly related to the maximum possible spatial 
resolution along the z-axis: The table speed (TS, table feed per s) is determined by 
the following equation: 

TS = L/TI (1) 

The table feed (TF, per rotation) can be calculated from Eq. 1 using the rotation 
time (RT) per tube revolution according to the following equation: 

TF = TS/RT = L/(TI X RT) (2) 

Since table feed and spatial resolution along the z-axis are closely linked, it is 
obvious that a shorter scan length will allow for a higher resolution along the 
z-axis. 

Whenever a high spatial resolution along the z-axis is necessary, the scan 
length should be kept as small as possible. For three-dimensional imaging of the 
thoracic aorta, it is therefore advisable to perform a low-resolution precontrast 
scan (see Table 1 1 . 1 ) in order to determine the scan length. Usually, the portion of 
the descending aorta that lies immediately above the diaphragmatic hiatus may 
be excluded from the scan volume: rapid changes of the aortic width are a rarity, 
and dissecting membranes continuously pass through this region without dem- 
onstrating sudden changes in pathology. For most examinations of the thoracic 
aorta, it will be therefore sufficient to start the scan just below the aortic root and 
end well above the aortic arch. 

For examinations of the pulmonary vasculature, the scan may start just above 
the diaphragm and end immediately above the aortic arch [9]. This is reasonable, 
since visualization of small pulmonary arteries is limited by partial volume ef- 
fects that are most prominent for the periphery of the lungs. 
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11.2.5 

Subsecond Scanning 

With the Somatom Plus A, one should take advantage of the 0.75-subsecond rota- 
tion of the tube detector system (see Eq. 2). This allows for 40 rotations within the 
usual breath hold period of 30 s. 

As compared to scanners with a tube rotation time of 1 s, the scan duration 
may be reduced by 25% (instead of 30 s breathhold time only 23 s) to cover a cer- 
tain scan volume or to increase the scan length by 25% within the same breath- 
hold time (e.g., 20 cm instead of 15 cm). The latter effect can be used to routinely 
include the whole chest in a CTA scan protocol with 3-mm slice collimation and 
5-6 mm table feed. 

Faster data acquisition has the additional advantage of reducing the acquisi- 
tion time for a single image. As a result, diastolic images suffer less from pulsation 
than with a rotation time of 1 s, even at higher heart rates (Fig. 11.1). 

11.2.6 

Scan Direction 

Scan direction may have a major impact on the quality of CTA of the chest. Since 
problems with breathholding occur most frequently at the end of a scan, dia- 
phragmatic movements produce major motion artifacts if a craniocaudal scan 



Fig. 11.1. Subsecond scan- 
ning reduces the amount 
of pulsation artifacts in the 
diastolic phase. In this pa- 
tient, the various coronary 
branches can be distin- 
guished: right coronary ar- 
tery (RCA), left anterior 
descending (LAD), and cir- 
cumflex branch (RCX) as 
well as diagonal branch 
(arrow) of the left coro- 
nary artery 
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direction is employed. In order to ensure the least amount of motion artifacts, 
scans should generally be performed in a caudocranial direction. This approach 
also reduces the amount of streak artifacts due to inflow of high concentrations 
of contrast medium in the brachiocephalic veins or the superior vena cava 
(Fig. 1 1.2). Due to washout effects, the contrast concentration in these veins is re- 
duced close to the end of the scan. 

Only with femoral injection of contrast medium is a craniocaudal scan direc- 
tion advantageous. The rapid opacification of the jugular veins leads to superim- 
position of arterial and venous structures in the supra-aortic region if a caudo- 
cranial scan direction is chosen. This can virtually be eliminated if the scan direc- 
tion is inversed. 




Fig. 11.2. A caudocranial scan direction reduces (but does not eliminate) the amount of streak 
artifacts caused by high contrast concentration in the superior vena cava. These images from the 
diastolic phase do not suffer from the otherwise marked pulsation of the intimal flap in acute 
type A dissection 
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11.3 

Contrast Administration 

Like the choice of scan parameters, the administration of intravenous contrast 
medium depends on the imaging task. While simple imaging tasks do not require 
a large amount of contrast agent (a resulting intravascular contrast of 50 HE is 
generally sufficient to demonstrate mural thrombus and the presence of a dis- 
secting membrane), most applications require at least 100 ml intravenous con- 
trast medium in order to obtain an intravascular contrast of at least 150 HE. 

11.3.1 
Flow Rate 

The flow rate of the contrast injection determines the maximum opacification of 
the aorta or the pulmonary vessels. With current scanners, a flow rate of 4 ml/s en- 
sures constant and high contrast in the aorta and pulmonary arteries. Higher flow 
rates further increase the vascular contrast but require very precise timing of the 
contrast bolus in order to avoid nondiagnostic contrast at the beginning or the end 
of the spiral scan. Lower flow rates are possible whenever the imaging task is not 
too complex (e.g., aortic aneurysms) and the quality of three-dimensional images 
is not critical. The display of complex aortic anatomy or complex aortic dissections 
requires high contrast. In particular, the display of the supra-aortic branches in 
aortic dissection is heavily dependent on optimum contrast in these vessels. 

11.3.2 

Saline Chaser Bolus 

In analogy to the injection protocols for intravenous digital subtraction angio- 
graphy (DSA), we suggest the use of a 40- to 60-ml saline chaser bolus to push the 
contrast forward and flush the brachiocephalic veins [7]. With this protocol and 
a caudocranial scan direction, the brachiocephalic veins are scanned when most 
of the contrast medium has been flushed out. As a result, the number of streak ar- 
tifacts is considerably reduced. 

For the abdomen, it was shown that a 10-ml saline chaser bolus increases the 
length of the contrast plateau by 8 s [7]. This can be expected to also be true for 
the chest. The effect can be used to improve the vascular contrast close to the end 
of the scan or to reduce the amount of contrast medium. 

In practice, a saline chaser bolus can be produced by first loading normal sa- 
line into the injection syringe followed by the chosen amount of contrast materi- 
al. During the injection, the contrast material will be injected first, immediately 
followed by the saline. 

11.3.3 

Bolus Triggering (C.A.R.E. Bolus) 

Precise timing of the contrast bolus saves contrast medium and ensures a consis- 
tent opacification of the vasculature within the whole target volume. For this rea- 
son, bolus triggering should be performed. 
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In our institution, we set the threshold level for the C.A.R.E. bolus program to 
50 HU. For imaging of the aorta, the smallest possible trigger delay should be 
chosen and the region of interest (ROI) should be placed in the ascending aorta. 
In young patients with a high cardiac output, the trigger ROI may be placed in the 



Fig. 11.3a,b. In this patient, preop- 
erative three-dimensional surface 
displays in an LAO view were per- 
formed using a shaded surface dis- 
play (SSD) and b volume ray trac- 
ing (VRT). A femoral contrast in- 
jection with a craniocaudal scan di- 
rection was chosen to avoid super- 
imposition of the brachiocephalic 
vein. Pulsation of the heart is less 
prominent with VRT. However, nei- 
ther technique is able to directly 
display the extensive thrombus in 
this aneurysm of the aortic arch 
(indirect sign: displacement of the 
pulmonary artery) 
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left ventricle. For the pulmonary arteries, the ROI can be placed either in the pul- 
monary outflow tract (older patients) or the right ventricle (younger patients). 
The trigger delay should be set to the minimum (currently 5 s). 

11.3.4 

Injection Sites 

For most routine applications of CTA of the thoracic aorta, a cubital venous ap- 
proach via a 18-gauge needle is sufficient. 

The display of complex aortic anatomy or complex aortic dissections benefits 
from a femoral venous approach. This approach has the advantage of virtually no 
artifacts from brachiocephalic veins or the superior vena cava. Together with a 
craniocaudal scan direction, it guarantees improved three-dimensional displays 
of the supra-aortic vessels without superimposition of venous structures (Fig. 
11.3). Excellent contrast in all thoracic vessels is found, and streak artifacts are 
almost completely absent in critical regions [6] . In general, however, a femoral ve- 
nous access is much more cumbersome than a cubital injection site and requires 
the placement of a venous access catheter. 




Fig. 11.4. This multiplanar reformat of a type B aortic dissection demonstrates the entry to the 
false channel more clearly than axial images alone. Pulsation artifacts lead to serrated contours 
of the heart and the ascending aorta 
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11.4 

Image Processing 

11.4.1 

Multiplanar Reformats 

Multiplanar reformats (MPR) may be helpful for displaying the aortic arch and 
the supra-aortic branches. Especially in aortic dissections, MPR of these regions 
are clinically relevant to display the course of the membranes [16]. 

For the evaluation of pulmonary embolism, MPR are important in those cases 
in which there are problems in differentiating between hilar lymph nodes and 
mural thrombi [10]. 

MPR of the ascending aorta, the proximal portion of the aortic arch, and the 
central pulmonary arteries suffer from marked pulsation that results in serration 
in the affected regions (Fig. 11.4). 

11.4.2 

Maximum-Intensity Projection 

In simple cases, maximum-intensity-projections (MIP) are well suited to display 
the anatomy of the aortic arch. In cases with superimposition of vessels (e.g., 
superposition of the aorta by the pulmonary vasculature) or complex situations, 
MIP is not the method of choice. Thin-slab MIP [4] reduce the amount of overly- 
ing structures and may he helpful in these critical situations. 

11.4.3 

Shaded Three-Dimensional Surface Displays 

For clinical routine, three-dimensional surface displays of the aorta are more im- 
portant than other display techniques. For the pulmonary vasculature, SSD does 
not play a major role, since many emboli are not displayed. 

The technique can be performed in a “quick” version, in which no major edit- 
ing procedures are used with the exception of partial removal of some skeletal 
structures by cutting procedures. In most cases, a threshold of 150 HU will suf- 
fice. In our experience, the 45° LAO projection is sufficient in many cases to give 
the surgeon an overview of the anatomy (Fig. 11.3a). 

In more complex cases in which optimum display techniques are required, 
three-dimensional editing has to be used to remove skeletal structures or even 
overlying veins. Even with the slab editor and three-dimensional region-growing 
algorithms, this procedure is still cumbersome and time-consuming. One of the 
problems is to separate the first rib and the clavicles from the adjacent vessels. 
Clipping artifacts are often unavoidable. 



11.4.4 

Volume Rendering Technique 



Volume rendering technique (VRT) is a way of displaying the aorta and pulmo- 
nary vasculature in a semitransparent fashion. It can be used instead of SSD. For 
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the aorta, good results are obtained for LAO and RAO views (Fig. 1 1.3b). For oth- 
er views, cutting or relatively extensive preediting may be necessary. 

For the pulmonary vasculature, the results of VRT are superior to SSD or MIP 
but require the display of rather thin subvolumes to reduce the distraction by too 
many superimposing vascular structures. 

The major drawback of the procedure is that it requires online control of pa- 
rameter settings or cutting procedures in order to achieve acceptable images 
within a reasonable amount of time. For this reason, it is currently not practicable 
on a Magic View workstation, but it may be employed on the new Silicon Graph- 
ics 02 -based platforms. 

11.5 

Artifacts 

11.5.1 
Pulsation 

One major source of artifacts in the chest is the pulsation of the heart and as- 
cending aorta. This is much more prominent in young patients with elastic arte- 
rial walls than in older patients with artherosclerotic wall disease. 

On axial sections, pulsation may simulate dissecting membranes (Fig. 11.5a) 
and may distort vascular contours. On MPR, SSD, or MIP, pulsation causes irreg- 
ular contours of the heart, ascending aorta, and aortic arch. VRT images are less 
affected given proper display parameters (Fig. 11.3). 

The effect of pulsation can be reduced using the 360° reconstruction algo- 
rithm instead of the 180° algorithm. With this interpolation, pulsation artifacts 
are less prominent due to the stronger data interpolation over a longer time inter- 
val. At the same time, however, the spatial resolution along the z-axis is reduced. 

Electrocardiogram (EGG) -triggered interpolation promises even better results 
[3]. Since EGG- triggered interpolation is not yet generally available, highly over- 
lapping image reconstruction and selection of only those images in which pulsa- 
tion is least obvious (diastolic phase) may improve the results of three-dimension- 
al displays. This is possible since subsecond scanning reduces the acquisition time 
per single image and thus almost eliminates pulsation effects in those frames that 
are acquired during the diastolic phase (Figs. 11.1, 1 1.2). This procedure, however, 
is very time-consuming and can only be recommended in selective cases. 

11.5.2 

Streak Artifacts 

Streak artifacts occur whenever there is highly concentrated contrast medium 
within the scan plane. Thus scanning the chest in a craniocaudal direction while 
injecting iodinated contrast agents will always lead to streak artifacts from high 
concentrations of contrast medium in the brachiocephalic veins or the superior 
vena cava. 

Streak artifacts may reduce the quality of three-dimensional displays and may 
simulate dissecting membranes (Fig. 11.5b). 
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Fig. 11.5a,b. Artifacts simulating 
aortic dissection may be due to 
a pulsation or b high concentration 
of contrast medium in the superior 
vena cava. They can be distin- 
guished from real disease by com- 
paring the findings in adjacent sec- 
tions 





As has been pointed out, streak artifacts are almost completely eliminated if a 
femoral injection site is chosen. They can be reduced substantially if a saline 
chaser bolus is employed and a caudocranial scan direction is chosen. 
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11.6 

Discussion 

Since 1991 we have used CTA for all diagnostic CT examinations of the aorta. The 
number of diagnostic DSA examinationssy almost instantaneously dropped to 
less than ten a year. At present, we perform intra-arterial DSA only in those cases 
in which we suspect a lesion that can be immediately treated angiographically. 

CTA has a high acceptance among surgical colleagues, since it is a procedure 
that is fast and easy to perform and allows for immediate access to a critically ill 
patient. Three-dimensional displays are preferred to convey the findings to the 
surgeon. 

In order to be able to provide consistent image quality, optimization of scan 
parameters is necessary for most of these imaging tasks. Only simple tasks such 
as the evaluation of ascending aortic aneurysms are not critically influenced by 
the chosen scan parameters and the parameters for contrast injection. In all oth- 
er cases, both spatial resolution and intravascular contrast have to be optimized. 

A high spatial resolution along the z-axis can be achieved by limiting the scan 
volume and choosing a small slice collimation, a large pitch factor, and a small re- 
construction increment. Taking advantage of subsecond scanning leads to im- 
proved spatial resolution or a shorter scan time (and thus potential savings in 
contrast medium). 

A consistently high vascular contrast requires sufficient amounts of contrast 
medium ( > 100 ml), high flow rates (4 ml/s), and individualized start delays that 
should be determined by bolus triggering (C.A.R.E. Bolus). A saline chaser bolus 
improves vascular contrast for small volumes of contrast medium but, most im- 
portantly, also prolongs the length of the plateau phase and reduces streak arti- 
facts in the brachiocephalic veins. 

MPR are useful for the aortic arch and the supra-aortic vessels as well as for 
the central pulmonary arteries. MIP play a minor role for aortic disease, while 
thin-slab MIP may be useful for the evaluation of pulmonary embolism. For the 
aorta, SSD can at present be considered the display technique of choice. In the fu- 
ture, this will probably change in favor of VRT. This technique, however, is still 
limited to special workstations. 

Artifacts from pulsation of the heart and major vessels may be reduced by em- 
ploying a 360° LI interpolation algorithm or using ECG-gated interpolation. 
Streak artifacts from highly concentrated contrast medium in the brachiocephal- 
ic veins or the superior vena cava can be avoided by choosing a femoral vein for 
contrast injection or by using a saline chaser bolus together with a caudocranial 
scan direction. 

Given optimized scanning protocols, CTA of the chest is a reliable technique 
that provides consistent results for imaging of the aorta and the pulmonary vas- 
culature. 
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12 The Diagnostic Impact of Spiral CT 
for Pulmonary Embolism 
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12.1 

Introduction 

Many departments around the world are performing more and more spiral CT 
investigations for suspected pulmonary embolism. Direct visualisation of the 
embolus [l],with no more invasion than an intravenous injection of contrast me- 
dium, carries obvious and immediate appeal. What is not yet clear is whether spi- 
ral CT is being performed in place of ventilation perfusion lung scintigraphy, in 
place of pulmonary angiography or as an additional investigation [2]. There is 
considerable controversy as to the optimal investigative sequence and guidelines 
are not definitive in this setting [3, 4]. However, such controversy is common 
enough during the introduction of new diagnostic investigations. Very few have 
been subjected to rigorous randomised clinical trials. Most are introduced before 
formal cost-effectiveness studies have been performed. The diagnostic investiga- 
tions which they replace tend to atrophy slowly rather than being stopped forth- 
with. 

There is a certain inevitability about the sequence of events described above. 
The technical performance of spiral CT was quickly established [5, 6]. Several 
workers cleverly appreciated the diagnostic potential for pulmonary embolism, 
first in the chronic [7, 8] and then in the more acute setting [9-11]. The diagnos- 
tic performance was established in these settings, usually in teaching hospitals 
with a somewhat atypical prevalence of positive findings, excellent CT equipment 
and dedicated radiologists with great expertise in thoracic CT. As the initial trials 
are now being completed, many clinicians have become accustomed to having the 
diagnosis established by spiral CT. They no longer trust some of their therapeu- 
tic decisions based on VQ scintigraphy alone. They know that there is a less inva- 
sive alternative to pulmonary angiography. It becomes difficult to stop the de- 
mand for the new technique - so much so that it is ethically difficult to withhold 
the investigation in the appropriate clinical setting, even if CT units are already 
running at full capacity and health purchasers are reluctant to spend more mon- 
ey on the diagnosis of pulmonary embolus. Certainly ethical committees would 
now have difficulty in granting approval to a randomised study in which one arm 
is denied access to spiral CT in an institution where appropriate facilities are 
available on site. 

But there are established methods for assessing the effectiveness of new diag- 
nostic techniques, based on a hierarchical evaluation of technical performance, 
diagnostic performance, diagnostic impact, therapeutic impact and impact on 
health status [12-14]. And many of these aspects have been and are being pur- 
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sued for the use of spiral CT in the diagnosis of pulmonary embolus. When these 
studies are finally complete, there should be a strong body of evidence pointing 
out the cost-effectiveness and societal benefit of this exciting diagnostic tech- 
nique. This chapter addresses some of these issues with particular emphasis on 
the way in which spiral CT influences the diagnostic thinking of the referring 
clinician (diagnostic impact). 

12.2 

Technical Performance 

All modern spiral CT systems have a 1-s (or shorter) data acquisition time per 
revolution and a tube capacity capable of examining the whole chest during a 
single breathhold. All CT units with a fast spiral CT system should possess a 
pump injector to facilitate continuous injection of contrast medium at a constant 
flow rate. Suitable flow rates and CT protocols have been developed. Numerous 
technical problems and anatomical pitfalls have been encountered [15] and 
ironed out so that now most CT units use a fairly standard technique [16]. That 
employed in our own Unit [17] is the Siemens Somatom Plus 4 System: 

- 100 ml 300 mg/ml iopamidol (Niopam, Merck) mixed with 20 ml normal sa- 
line injected via 

- Intravenous cannula, ideally in an antecubital vein 

- Flow rate of 3.5 ml/s with a Medtron (Mallinckrodt Medical) pump 

- Data acquisition started after a delay of 15 s (20 s for wrist injection) 

- Slice thickness 3 mm with table feed of 4.5 mm/s with 3 mm contiguous image 
reconstruction 

- Data acquisition from 2 cm cranial to the more inferior hemi-diaphragm up to 
the aortic arch 

- Total data acquisition time depending on body habitus, but up to 30 s 

- Patient suspending breathing in comfortable inspiration 

12.3 

Diagnostic Performance 

It is in this area (sensitivity, specificity, accuracy) that most evidence is available, 
often with angiographic correlation. However, some studies accept CT or scinti- 
graphic evidence of pulmonary embolus as a final diagnosis. Even at angiogra- 
phy there is significant intra- and inter-observer variation for the diagnosis of 
peripheral emboli. However, such difficulty with regard to final diagnosis is not 
unique to the radiological diagnosis of pulmonary embolus; it is inevitable for 
any disease process where surgery is rarely performed and correlative post-mor- 
tem evidence is scanty. 

Given these caveats, spiral CT has particularly good diagnostic performance in 
chronic pulmonary embolism where the pulmonary arteries may be large, the 
flow through the great vessels is relatively slow, and the emboli are often static 
and adherent to the pulmonary arterial walls. Such patients were the subject of 
initial attention, and the accuracy seems very high [8] unless the embolus has be- 
come calcified. 
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The determination of accuracy in the acute situation raises various problems. 
The acutely distressed patient may find it difficult to keep still. The fitter, young- 
er patient, especially one with no pulmonary disease, exhibits rapid transit of 
contrast medium and considerable vascular motion artefact, all hindering inter- 
pretation; the use of test injections or bolus tracking may help ensure optimal 
timing here. Angiographic proof is not available in every patient as some clini- 
cians base their management decisions on VQ scintigraphy or CT results. Despite 
these problems numerous excellent studies have now been published, all pointing 
to a very acceptable accuracy. In the classical paper by Remy-Jardin et al. [10], the 
prospective sensitivity of CT was 91% overall, with a sensitivity of 78%; in their 
series the predictive value of a positive CT was 100% and of a negative CT 89%. 
When only zones which were adequately depicted by both CT and angiography 
were compared, the sensitivity rose to 98% and the specificity to 99%. They con- 
cluded that ‘spiral CT can reliably depict central pulmonary emboli and may be 
introduced into diagnostic algorithms’. Van Rossum’s group is more forthcoming 
[11] and quote an overall sensitivity for spiral CT of 95% and specificity of 97%; 
in their series the predictive values for positive and negative tests were both 97%. 
They conclude that ‘CT is a relatively non-invasive test for pulmonary embolism 
. . . which may serve as an alternative to ventilation scintigraphy and possibly to 
pulmonary angiography’. 

There are, of course, continuing questions about isolated subsegmental emboli 
which maybe missed at cross-sectional imaging [18], and this debate wiU continue 
for some time, largely because the diagnosis of such emboli is open to intra- and 
inter-observer variation. However such discrepancy in observation is a problem 
for all imaging techniques and may be lower for spiral CT than VQ scintigraphy 
or angiography. Whether the problem of the isolated subsegmental embolus will 
be extensively pursued in the future may depend on clinicians’ attitude to the 
correct therapeutic approach. 

12.4 

Diagnostic Impact 

This is a measure of the extent to which the result of the radiological investiga- 
tion alters the referring clinician’s working diagnosis. Ideally this necessitates the 
working diagnosis (and confidence thereof) being stated before and after the 
result of the radiological investigation. Such a prospective study requires consid- 
erable physician cooperation and, in practice, is rarely fully achieved. But the 
nuclear medicine community has been in the forefront here and has long advo- 
cated that VQ scintigram results should be interpreted in the light of the pre-test 
clinical probability (low, intermediate or high). Thus these data are usually avail- 
able at the time the investigations are performed (VQ scintigraphy, spiral CT, 
etc.). However, it is much more difficult to establish what the post-test working 
diagnosis is. Just because the patient is treated with anticoagulants, it does not 
follow that the physician is 100% certain that the patient has had a pulmonary 
embolus. This is apparent from scrutiny of the recent report by Kember et al. 
which followed up 1 1 1 patients with intermediate VQ scintigraphic findings [19]. 
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What is needed is a study measuring the clinician’s confidence in the diagnosis 
immediately before and after imaging. 

A point which is not always fully recognised is that patients do not present 
with a label pulmonary embolus. Their symptoms are often non-specific and 
range from unexplained chest pain to dyspnoea and haemoptysis. Note the num- 
ber of patients in whom pulmonary embolism is discovered by serendipity [20] 
(Fig. 12.1). In many cases the physician has treated the patient for pneumonia or 
pleurisy for a while. At some later stage the clinical progress is questioned. Then 
the differential diagnosis may be extended. Finally, more investigations are per- 
formed which may reveal pulmonary embolism or identify another cause which 
could explain the patient’s symptoms. 

To put the difficulty of the clinical diagnosis in perspective, it is worth consid- 
ering the findings in a recent study from our own institution [21]. Amongst 77 
patients referred for imaging with possible pulmonary embolism (clinical likeli- 
hood high in 22, intermediate in 31, low in 24), pulmonary embolism was con- 
firmed as the final diagnosis in only 13 (overall prevalence of 17%). Even in those 
patients with a high pre-test clinical probability the prevalence was only 36% 
(8/22). Although the pre-test clinical likelihood was correlated with the presence 
of embolism at imaging, the correlation is not really strong enough to be all that 
useful for an individual patient. This is in keeping with the findings in the 
PIOPED study [22]. The prevalence of pulmonary embolism was lower in our 
study than in the PIOPED study, which may have been weighted towards more se- 
vere clinical situations because of the inclusion of pulmonary angiography in all 
patients. It is likely that our relatively low prevalence is more in line with typical 
referrals in many hospitals worldwide. 

What of the patients referred with a possible pulmonary embolism who do not 
have an embolism? This is where spiral CT really comes into its own. In our pros- 



Fig. 12.1. A patient re- 
ferred with severe chest 
pain and suspected aortic 
dissection. Multiple pul- 
monary emboh were 
demonstrated. A large 
filling defect occupies 
much of the artery in the 
right lower lobe (arrow). 
Smaller emboli in the left 
lower lobe also 
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pective study [21], where patients were randomly assigned to VQ scintigraphy or 
spiral CT as the initial investigation, spiral CT was able to offer the clinician an al- 
ternative explanation for the symptoms in 23 of 51 such patients (45%). These di- 
agnoses included consolidation, effusion, emphysema and in one patient an un- 
suspected pulmonary mass. This clearly demonstrates the advantage of an inves- 
tigation (CT) which can directly demonstrate several alternative diagnoses. In- 
deed the patient shown in Fig. 12.1 illustrates just this point: a patient is referred 
for possible aortic dissection because of rather non-descript chest pain; spiral CT 
elegantly demonstrates a pulmonary embolus. This inherent advantage of cross- 
sectional imaging is now well recognised elsewhere in the body. Who would still 
use an organ-specific investigation such as a barium enema as the first investiga- 
tion for an abdominal mass?! It is perhaps the facility to provide a range of alter- 
native diagnoses, rather than merely confirmation or rebuttal of a suspected di- 
agnosis, which represents the greatest diagnostic impact of spiral CT (Fig. 12.2). 

Another rather indirect measure of the diagnostic impact of a new radiologi- 
cal investigation is the extent to which it displaces other diagnostic investiga- 
tions. At present there is a risk that spiral CT may be used as an ‘add on’ to the in- 
vestigative sequence [2]. The most radical approach has been proposed by Good- 
man and Lipchik who suggest that VQ scintigraphy should be abandoned for pa- 
tients with suspected pulmonary embolism [23]. In the United Kingdom few hos- 
pitals have sufficient CT capacity to take on this additional work in anything oth- 
er than over a gradual transition. Our randomised study [21] suggested a less 
radical approach, namely that patients with no underlying cardio-respiratory 
disease should continue to be investigated by VQ scintigraphy. Patients with 
known cardio-respiratory disorders (e.g. abnormal CXR), in whom VQ scintigra- 
phy is likely to give an indeterminate report, should have spiral CT as the initial 
investigation. Certainly spiral CT will be increasingly used in place of pulmonary 
angiography. 



Fig. 12.2. A patient with 
known breast carcinoma 
and increasing breath- 
lessness. VQ scintigraphy 
had shown considerable 
mis-match on the left, 
suggesting embolism. CT 
shows that the left main 
pulmonary artery is en- 
cased by tumour and 
demonstrates a left sided 
pleural effusion. This 
neatly demonstrates the 
advantages of cross- 
sectional imaging 
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12.5 

Therapeutic Impact 

Assessment of therapeutic impact, again, requires close physician cooperation. 
They must theoretically define the therapeutic approach before and after imag- 
ing. However, in the United Kingdom most patients have for many years been 
managed on the basis of VQ scintigraphy alone. If a study were carried out with 
the main aim of assessing the therapeutic impact of spiral CT when used as the 
first investigation for possible pulmonary embolism, the results should show that 
many patients are moved from the ‘further investigation’ category to ‘medical 
treatment’. However, this would probably differ little from the results when using 
VQ scintigraphy. What might differ is the proportion of patients receiving antico- 
agulation. For example, in the randomised study performed at our institution 
[21], several of the intermediate results in patients investigated first by scintigra- 
phy were converted into definite pulmonary embolism or definitely normal after 
CT, with appropriate alteration in management. The greater confidence in the di- 
agnosis provided by spiral CT could also be reflected in the duration of anticoag- 
ulant therapy; for example ‘direct visualisation’ [1] of the embolus at CT might 
mean that the physician continued anticoagulation therapy for longer than after 
an intermediate probability report at VQ scintigraphy. More work is needed to as- 
sess this aspect. 

12.6 

Impact on Health 

Evaluation of the impact on health brought about by a new investigation, the final 
outcome measure [12-14], is always the most difficult area for health technology 
assessment. Health economists might well argue that a new investigation is not 
really justified unless patients obtain better as a result! In the case of pulmonary 
embolus, unlike in many other areas of radiology, there is at least a tangible out- 
come - namely death of the patient. However, once the referring physician has 
thought of pulmonary embolus as a possible diagnosis, the therapeutic options 
are under scrutiny. Many patients are put on anticoagulant therapy pending the 
results of investigations, and this causes only little morbidity. More sophisticated 
measures (IVC filters, thrombolytic therapy, etc.) all have their advocates, but it is 
unlikely that the diagnostic method by which the diagnosis is obtained (Dimer 
testing, scintigraphy, CT, MRI, angiography, etc.) would have much influence on 
outcome. Of course the institution of appropriate therapy in patients shown to 
have unsuspected pulmonary embolism (e.g. Fig. 12.1) could contribute to im- 
proved overall survival. 

Because of the likely difficulties in showing that spiral CT improves survival in 
patients with pulmonary embolism [24], radiologists have correctly turned to 
demonstrating its cost-beneficial aspects [25]. Chief amongst these is the finan- 
cial advantage of obtaining an accurate and confident diagnosis in a timely fash- 
ion. As far as the patient is concerned, there is little to choose between scintigra- 
phy and CT in terms of risk, discomfort and price. However, catheter angiography 
is clearly more uncomfortable and carries a higher (although probably exagger- 
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ated) morbidity. Several studies have now shown some of the advantages of spi- 
ral CT, and it is pleasing to see that there is general enthusiasm for a proposed 
multicentre European study to pursue these aspects [26, 27] further. One feature 
that will have to be watched is a general increase in the number of investigations 
for possible pulmonary embolus. Given that there is now a highly credible, accu- 
rate and relatively cheap investigation, namely spiral CT, it is almost inevitable 
that there will be an increase in the number of investigations requested. History 
has proved this time and time again. Just look at the number of MRI studies now 
performed for possible lumbar spine disease compared with the number of ra- 
diculograms of old! 
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13.1 

Introduction 

The diagnosis of pulmonary embolism (PE) is a challenging task for any physi- 
cian. Annually, two to three per 1000 inhabitants present with symptoms suggest- 
ing the presence of venous thromboembolic disease, the common denominator 
for deep vein thrombosis and PE [1, 2]. The range of diagnostic procedures that 
physicians have at their disposal varies from clinical history and physical exam- 
ination - often supplemented with blood gas analysis, chest radiography and 
electrocardiography - to lung scintigraphy and pulmonary angiography. Howev- 
er, their exact role and place in a diagnostic strategy remain controversial and 
have been a matter of discussion in recent years [3-18]. 

Why this interest in the diagnostic management of PE? Firstly, because it is a 
potential killer: it has been estimated that up to 10% of patients with acute PE die 
within the first hour [19]. Furthermore, if the diagnosis is missed and patients re- 
main untreated, up to 30% will die of subsequent recurrent pulmonary emboli, 
while a further 30% may sustain non-fatal recurrent embolism [19, 20]. These 
complications maybe reduced significantly with adequate anticoagulant therapy, 
resulting in fatal and non-fatal PE in approximately 2% [21, 22]. Similar compar- 
isons are available for deep vein thrombosis, with fatal PE reported in 12% of 
treated patients and 0.7% of untreated patients [21-23]. Non-fatal PE was en- 
countered in 15% and 2% of untreated and treated patients with deep vein 
thrombosis, respectively [21-23]. 

Thus there is a general fear of missing the diagnosis, which predisposes physi- 
cians to institute anticoagulation therapy. However, it is important to realize that 
anticoagulant therapy is not without risks: 3 months of therapy are associated 
with a mortality rate of 0.25%, while major bleeding complications occur in 1% 
of patients receiving oral anticoagulants for 3 months [24-28]. This gives rise to 
the need for differentiating patients who have venous thromboembolic disease 
and require anticoagulant therapy from those in whom the risks of anticoagu- 
lants should be avoided. As shown by pulmonary angiography, the prevalence of 
PE in patients with clinical symptoms suggesting its presence is approximately 
30% [29-32]. Therefore, the exclusion of venous thromboembolic disease is as 
important as proving the presence of thrombi. 

13.2 

Clinical Diagnosis 

The presenting signs and symptoms of patients with PE vary from the classic 
triad of acute onset dyspnea, pleuritic chest pain and hemoptysis to non-specific 
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complaints [33, 34]. However, the diagnosis should be considered in any patient 
with unexplained dyspnea. 

The physical examination usually yields non-specific signs, such as tachypnea, 
crepitus or pleural rub, tachycardia, subfebrile temperature and rare signs of 
deep vein thrombosis [34]. Thus, history and physical examination are unable to 
differentiate patients with PE from those without the disease. 

Several non-invasive diagnostic tools are available for diagnosing PE, includ- 
ing blood gas analysis, chest radiography and electrocardiography. These meth- 
ods were shown to be of limited use for the diagnosis of PE and are more useful 
for assessing disorders that mimick PE (e.g. myocardial infarction, pneumonia, 
pneumothorax) and to evaluate possible oxygen requirements [35, 36]. 

13.3 

Pulmonary Angiography 

Although pulmonary angiography is generally regarded as the procedure of 
choice for diagnosing PE, it is not perfect [29, 30, 37, 38]. Several long-term fol- 
low-up studies have demonstrated that the sensitivity and specificity are 98% and 
96%, respectively [29, 39-41]. With the introduction of intra-arterial digital sub- 
traction techniques, diagnostic accuracy may have improved. More importantly, 
however, a normal pulmonary angiogram effectively excludes the presence of 
clinically significant PE, and anticoagulants may be safely withheld in these pa- 
tients [39, 41]. As with any invasive technique, complications may arise. Deaths as 
a result of the procedure have been reported in approximately 0.2%, while non- 
fatal complications (defined as severe allergic reaction, cardiac perforation and 
rhythm disturbances requiring treatment) were reported in around 1.9%. [29, 
41-43] The risks of complications have rendered this an unpopular, yet neces- 
sary, procedure for the diagnostic management of venous thromboembolism. 
Furthermore, refinements in catheterization techniques, contrast agents used 
and adequate identification of high-risk patients most probably result in a much 
improved angiographic outcome [44,45]. 

13.4 

Perfusion/Ventilation Lung Scintigraphy 

Lung scintigraphy is generally considered the screening test of choice for patients 
with clinically suspected PE. It is non-invasive, has no associated complications 
and can provide a basis for therapeutic decisions. Firstly, long-term follow-up 
studies have demonstrated that a normal perfusion lung scan effectively excludes 
clinically significant PE, and it is safe to withhold anticoagulants in these patients 
[46, 47]. The chance of obtaining a normal perfusion scan in the presence or ab- 
sence of PE was reported in the PIOPED study to be 0.2% or 20%, respectively 
[29, 27]. Secondly, a high-probability lung scan (one or more segmental perfusion 
defects with normal ventilation) maybe regarded as sufficient reason to institute 
long-term oral anticoagulant therapy [48, 49]. The chance of obtaining a high- 
probability lung scan was reported in the PIOPED study to be 41% if pulmonary 
emboli are present and 2% if they are absent [29, 48, 49]. 

Unfortunately, lung scintigraphy appeared to be “non-committal” in 40%-70% 
of patients, and the term “non-diagnostic” is being used increasingly to denote 
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this outcome. In this category of lung scan results, PIOPED patients with pulmo- 
nary emboli had a 42.8% chance of having subsegmental perfusion defects and a 
16% chance of having matched segmental perfusion/ventilation defects (togeth- 
er classified as non-high-probability scan) [29, 48, 49]. In the absence of pulmo- 
nary emboli, these chances are 62% and 16%, respectively [29, 48, 49]. Thus 
40%-60% of patients will have lung scan results on which clinical decisions may 
be based. 

13.5 

Deep Vein Thrombosis Tests 

The rationale for tests for deep vein thrombosis is derived from the fact that in a 
substantial proportion (ranging from 30% to 70%) of patients with proven PE, 
thrombi may be detected by contrast venography of the lower limbs [48, 50, 51]. 
Real-time B-mode compression ultrasonography (US) is regarded as the most 
sensitive non-invasive test for detecting deep vein thrombosis in patients with leg 
symptoms [52]. For PE, this situation is probably less favourable, since many 
thrombi are asymptomatic and one third are confined to the calf veins. Thus, by 
adapting available data from studies in patients with suspected deep vein throm- 
bosis, the sensitivity and specificity of this method for all thrombi in patients 
with clinically suspected PE were calculated to be 79% and 99%, respectively [53] . 

13.6 

Spiral Computed Tomography 

Many studies have been performed to assess the potential use of spiral computed 
tomography (CT) (Fig. 13.1) for the diagnostic management of PE [54-60]. Near- 
ly all studies were performed in selected patient populations with a relatively 
high prevalence of PE, and only one management study has come to light thus far. 
The results obtained ranged in sensitivity from 54% to 100% and in specificity 
from 67% to 100%. These findings are mainly related to patient selection, with 
lower accuracy figures in less selected series of patients. Furthermore, their sen- 
sitivity is significantly better in patients with large and central emboli, compared 
to those with emboli in subsegmental arteries. More recent literature indicates 
specificity values lower than 95% and a sensitivity range from 75% to 90%. 

This modality was considered not to cause serious complications, and the 
costs were estimated at 200 ECU. 

13.7 

Cost-Effectiveness Analysis 

When performing a cost-effectiveness analysis, one may either use data as ob- 
tained in a large study or use assumptions derived from the literature. We pub- 
lished such an analysis for the diagnostic management of PE, which was based on 
data from the literature and on a survey on costs in a dozen hospitals throughout 
the world [6]. We have now updated the analysis by introducing management 
strategies including spiral CT. This again resulted in a number of baseline vari- 
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Fig. 13.1a,b. Two consecutive spiral CT axial images of the thorax at the level of the cardiac root, 
both obtained in context of oncologic follow-up (metastases not shown) without information of 
clinical suspicion of pulmonary embolism diagnosed just before the second scan was obtained 
some months after the first scan. The first scan top (a) shows homogeneous enhancement of the 
dividing pulmonary arteries to the mediobasal segment of the left lower lobe. The control scan 
bottom (b) shows nearly complete filling defects of these vessels (which also were visible on 
neighbouring consecutive scans) 
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Table 13.1. Diagnostic and 
therapeutic costs used in the 
analysis 



Method 


Costs (ECU) 


Pulmonary angiography (bilateral) 


500 


Perfusion lung scintigraphy 


100 


Spiral CT 


200 


Ventilation lung scintigraphy 


250 


B-mode ultrasonography 


65 


Therapeutic costs 


2165 



ables. A summary of costs is given in Table 13.1. The costs of therapy were based 
on 7 days of hospitalization followed by 3 months of oral anticoagulant therapy. 
To assess the influence of various assumptions, a sensitivity analysis is performed 
that manipulates one variable at a time. If the analysis is robust, very few chang- 
es will be seen. 

13.7.1 

Diagnostic Strategies 

A number of strategies may be used for the diagnostic and therapeutic manage- 
ment of PE. The simplest would be to treat every patient in whom PE is suspect- 
ed. The advantage of this strategy would be the lack of diagnostic tests required, 
whereas a disadvantage would be that a large number of patients would be treat- 
ed incorrectly, i.e. those who do not have pulmonary emboli would be at risk of 
developing fatal and non-fatal bleeding complications. Several other strategies 
may be compiled from the diagnostic tests already described. These range from 
the use of only non-invasive tests (lung scintigraphy with or without US of the leg 
veins) or spiral CT to the use of pulmonary angiography in all patients. The out- 
come of any diagnostic strategy in PE will influence the treatment decision and 
consequently will influence mortality and morbidity rates and costs associated 
with the chosen diagnostic/therapeutic approach. We analysed nine strategies for 
which we calculated effectiveness in terms of mortality, morbidity, numbers of 
patients with adequate or inadequate therapy and the number of patients requir- 
ing angiography. Furthermore, we determined cost-effectiveness by calculating 
costs per extra life saved (compared with the natural history, i.e. no anticoagulant 
therapy) [6]. It should be noted that all strategies that used lung scanning used 
ventilation scintigraphy only if at least one segmental perfusion defect was de- 
tected. 

13.7.2 
Results 

Three groups of strategies were identified: 

- A group in whom only non-invasive diagnostic tests were used (group A), i.e. 
spiral CT or ventilation/perfusion scintigraphy 

- A group in whom a combination of tests was used that always included pulmo- 
nary angiography (group B) 

- A group in which most patients were treated with anticoagulants (group C) 
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The results of our extended analysis show that the mortality in group A was sig- 
nificantly higher than groups B and C. Thus, a mortality rate of 2%-5% was sus- 
tained when perfusion/ventilation scintigraphy or spiral CT was used with or 
without US. In groups B and C, the mortality rates varied between 0.8% and 0.9%. 
A similar pattern could be discerned with regards to morbidity, i.e. non-fatal PE. 
Treatment decisions based on the strategies in group A resulted in both under- 
treatment (8%-18%) and overtreatment (2%-5%), while this was completely the 
opposite in group C, where 50%-70% of patients inappropriately received antico- 
agulant therapy. In group B, fewer than 1% of patients were missed, while less 
than 5% received anticoagulants inappropriately. 

The costs were a direct reflection of treatment decisions. Thus, in group C, 
treatment for an average patient would cost 2000 ECU, which decreased to about 
1300 ECU in group B, a cost reduction of 35%. Although group A costs were even 
less, the resulting mortality and morbidity make this approach unacceptable. 

When we assessed cost-effectiveness, large differences between the groups be- 
came apparent. The ultimate choice of which strategy should be endorsed does 
not depend solely on costs, but should initially be dependent on overall mortal- 
ity. Thus, the use of only non-invasive tests (group A) became indefensible as a 
result of a three- to five-fold higher mortality rate when compared to groups B 
and C (Table 13.2). Furthermore, since the treatment for group C was so much 
more expensive, we decided that a choice should be made from the strategies in 
group B. 

For group B, the most economical strategy would be angiography alone. How- 
ever, since there is a general aversion to this invasive test, we opted for a combi- 
nation of non-invasive and invasive diagnostic techniques. US was highly cost-ef- 
fective, but had one main drawback: Physicians had to start testing patients’ legs 
when the presenting symptom was chest discomfort. However, the strategy that 
employed both lung scintigraphy and US before pulmonary angiography re- 
duced the number of patients requiring the invasive procedure by 20%. However, 



Table 13.2. Mortality per 1000 patients and costs as compared to the natural history of pulmo- 
nary embolism 



Strategy 


Mortality per 1000 patients 


Costs (ECU, millions) 


Natural history 


78.1 


0 


P-SCT-A" 


8.0 


1.32 


PV-US-A'" 


8.3 


1.29 


Perfusion scan, treat if abnormal 


8.3 


1.96 


Treat everyone 


8.5 


2.16 


Angiography, treat if abnormal 


9.0 


1.20 


Spiral CT, treat if abnormal 


22.0 


0.76 


PV scan, treat if high probability 


46.0 


0.47 



® Perfusion scan, followed by spiral CT if perfusion scan is abnormal, followed by angiography if 
spiral CT does not show PE. Treatment of patients with either an abnormal spiral CT or angio- 
gram. 

^ Perfusion/ventilation scan, followed by ultrasonography if non-high-probability scan result is 
obtained, followed by angiography if a normal ultrasound test is obtained. Treatment of pa- 
tients with either a high-probability lung scan or an abnormal ultrasound test or an abnormal 
angiogram (Dutch consensus strategy). 
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the strategy combining perfusion scanning, spiral CT and angiography further 
reduced mortality and appeared almost as cost-effective as the Dutch consensus 
strategy [61]. 

A study performed by Van Erkel et al. [62] concluded that all of the best strat- 
egies included spiral CT; furthermore, in their analysis, algorithms including pul- 
monary angiography also yielded a lower mortality, but no superior cost-effec- 
tiveness [62]. 

13.8 

Conclusion 

Any cost-effectiveness analysis based on the literature is up to date for a limited 
period. Newer approaches become available, such as the introduction of clinical 
decision rules or new management strategies that incorporate non-invasive tech- 
niques, e.g. serial tests for deep vein thrombosis or plasma D-dimer concentra- 
tion measurement. Furthermore, newer imaging techniques are under evaluation 
that may (partly) replace lung scintigraphy and/or pulmonary angiography, such 
as electron beam tomography and magnetic resonance imaging angiography. Al- 
though these techniques are promising, management studies using long-term 
follow-up to demonstrate their safety for the exclusion of PE have yet to be per- 
formed. 

The use of an extensive strategy employing lung scintigraphy, B-mode US, pul- 
monary angiography or a strategy combining perfusing scanning, spiral CT and 
pulmonary angiography are the best strategies available for the diagnostic man- 
agement of patients with suspected PE. The implementation of a spiral CT strat- 
egy without conventional pulmonary angiography should be avoided. 
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14.1 

Introduction 

Helical computed tomography (CT) has a number of advantages in pediatric pa- 
tients [1-4]. First, the retrospective reconstruction capabilities afforded by heli- 
cal CT can improve lesion detection without increasing radiation exposure. Sec- 
ond, the relatively shorter scanning time has the potential to eliminate or at least 
minimize motion artifacts, decrease the need for sedation, and optimize contrast 
enhancement. Third, the absence or reduction of motion artifacts allows high- 
quality two- and three-dimensional reconstructions. 

14.2 

Technique 

14.2.1 

Sedation 

Even though imaging time is shorter with helical CT, image degradation by 
patient motion still remains a problem in young children. Children under 5 years 
of age usually require parenteral sedation. The drugs most commonly used in 
this age-group are oral chloral hydrate and intravenous pentobarbital sodium 
[5]. Children under 18 months of age usually receive oral chloral hydrate, 
50-100 mg/kg to a maximum dosage of 2000 mg. Patients 18 months of age and 
older are given intravenous pentobarbital sodium, 6 mg/kg up to a maximum 
dose of 200 mg, in small increments. Regardless of the choice of drug, the use of 
parenteral sedation necessitates continuous monitoring and maintaining ade- 
quate cardiorespiratory support during and after the procedure. 

When sedation is needed, the child should receive no solid foods for 6 h and 
no liquids for 3 h prior to the study. Children who are not to be sedated should be 
given nothing by mouth for 3 h prior to the examination. This precaution is tak- 
en to reduce the risk of aspiration if nausea and vomiting occur during adminis- 
tration of intravenous contrast material. 

Children older than 5 years of age usually will cooperate for CT studies after 
verbal reassurance and explanation of the procedure. The presence of a parent in 
the CT suite during the study is helpful to reassure and comfort the child. 
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14.2.2 

Intravenous Contrast Medium 

Nearly all CT examinations of the chest are performed with intravenous contrast 
material. If contrast material is to be given, an intravenous catheter should be in 
place when the child arrives in the CT suite. This avoids the agitation, and conse- 
quent patient motion, that would otherwise be associated with venipuncture per- 
formed immediately prior to administering contrast material. The gauge of but- 
terfly needle or intravenous cannula will vary with patient size, but the largest 
possible one should be placed. 

If intravenous access is through a butterfly needle or central venous catheter, 
hand injection of contrast medium is recommended. A power injector is used in 
children who have antecubital cannulas (22 gauge or larger) in place [2, 3, 6]. The 
rate of contrast injection is determined by the size of the catheter (Table 14.1). 
During the initial seconds of injection, the injection site should be carefully mon- 
itored for contrast extravasation. With appropriate selection of injection rates 
and patient monitoring, the use of a power injector is safe in children. Either low- 
osmolar (280-320 mgl/ml) or high-osmolar (282 mgl/ml) contrast media can be 
used for CT examinations. The usual dose of contrast medium is 2 ml/kg up to a 
maximum of 4 ml/kg or 150 ml. 

Optimal enhancement is a result of the rate of contrast administration, the to- 
tal volume of contrast, and the timing between the injection of contrast and the 
onset of scanning. In children who weigh less than 45 kg, the initiation of scanning 
should begin after 80% of the contrast medium has been administered, whether 
contrast agent is administered by hand or by power injection. Adult protocols can 
be used for larger children ( > 45 kg). Alternatively, an automated bolus tracking 
technique can be used to monitor contrast enhancement and initiate scanning. 



14.2.3 

Specific Technical Options 

Helical CT scanning requires prescribing a number of parameters, including scan 
time duration, table feed speed (distance to be covered), slice thickness (resolu- 
tion required), and reconstruction interval. These factors need to be selected ac- 
cording to patient size and clinical indication. 

Two protocols usually suffice for most chest imaging. When a large area of the 
chest is to be scanned, such as a screening examination of the lungs or mediasti- 
num, the following parameters are useful: 8-10 mm slice thickness, 8-10 mm/s 
table speed, pitch of 1-1.5, standard algorithm, and reconstruction of overlap- 
ping slices every 4-5 mm (Table 14.2). 



Table 14.1. Rate of contrast 
injection versus needle size 



Needle size (G) 


Flow rate (ml/s) 


22 


1.2-1.5 


20 


1.5-2.0 


18 


2.0-3.0 
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Table 14.2. Protocol for pulmonary parenchymal disease 



Indication 


Survey examination of mediastinum and lungs (mediastinal tumor; 
vascular anomalies; trauma, suspected metastatic disease 


Extent 


Lung apices to caudal bases 


Scanner settings 


120 kVp, 170 mAs 


Duration of exposure 


Single helical scan: time dependent on patient size 


Pitch 


1.0-1.5 


Collimation 


4-8 mm 


Patient instructions 


Suspended inspiration 


Contrast type 


LOCM 280-320 mg iodine/ml or 
HO CM 282 mg iodine/ml (60% solution) 


Contrast volume 


2 ml/kg to maximum of 4 ml/kg (150 ml, maximum) 


Contrast injection rate 


Dependent on needle size and method of injection 


Reconstruction interval 


4-8 mm (contiguous scans) 


Miscellaneous 


1. If the child is sedated or uncooperative, CT scans are obtained at 
quite breathing 

2. Contrast not required for evaluation of lung metastases 

3. Slice thickness dependent on size of the patient; thinner 4 mm 
contiguous scans can be used in smaller patients 

4. When both chest and abdomen are to be examined, the abdomen 
should be scanned first. Two-thirds of contrast volume should be 
given in the abdomen and one-third in the chest 



When finer-detail and higher-resolution images are required over a smaller 
distance, such as the evaluation of lung masses or nodules or the tracheobronchi- 
al tree, the following parameters are suggested: 2-4 mm slice thickness, 
2-4 mm/s table speed, pitch of 1, high-resolution algorithm, and reconstruction 
of overlapping slices every 1-2 mm (Table 14.3). Increasing the pitch ( > 1) by the 
use of 2-mm-thick sections and a table feed of 4 mm/s may help to minimize mo- 
tion artifacts in children who are unable to cooperate with breath-holding in- 
structions. Two-dimensional and three-dimensional reconstructions are useful 
in the evaluation of airway abnormalities and peridiaphragmatic lesions. 

CT sections are obtained with breath-holding at suspended inspiration in 
cooperative patients, usually children over 6 years of age. A single breath-hold 
technique is recommended over the multiple breath-hold technique (i.e., 10-15 s 
breath-holds with 10-s intergroup delays). The advantage of the multiple breath- 
holding technique is that it is more easily tolerated, but the disadvantage is the 
potential for anatomic misregistration between adjacent helical acquisitions. 
Scans are obtained during quiet respiration in children who are unable to coop- 
erate with breath-holding instructions. 

14.3 

Applications of Thoracic Helical CT 

Indications for helical CT of the chest in children include: (a) detection of occult 
pulmonary parenchymal disease, (b) characterization of focal parenchymal 
masses, (c) assessment of congenital or acquired tracheobronchial tree abnor- 
malities, and (d) characterization of suspected or known mediastinal mass or 
great vessel anomalies. 
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Table 14.3. Protocol for focal mass characterization 



Indication 


Fine detailed technique (characterization of focal mass or abnor- 
mahty of the tracheobronchial tree) 


Extent 


Through area of interest 


Scanner settings 


120 kVp, 170 mAs 


Duration of exposure 


Single helical scan: time dependent on patient size 


Pitch 


1.0-1.5 


Collimation 


2-4 mm 


Patient instructions 


Suspended inspiration 


Contrast type 


LOCM 280-320 mg iodine/ml or 
HOCM 282 mg iodine/ml (60% solution) 


Contrast volume 


2 ml/kg to maximum of 4 ml/kg (150 ml, maximum) 


Reconstruction interval 


1-2 mm 


Miscellaneous 


1. If the child is sedated or uncooperative, CT scans are obtained at 
quite breathing 

2. High spatial resolution reconstruction (bone) algorithm useful in 
airway evaluation 

3. Multiplanar reconstructions useful for evaluation of tracheo- 
bronchial tree and peridiaphragmatic area 

4. Increased pitch ( > 1) may help to minimize staircasing artifacts 

5. If bronchiectasis or other small airway disease is suspected on the 
screening CT, thinly colHmated scans in inspiration and expira- 
tion should be obtained through the area of abnormality 



14.3.1 

Pulmonary Parenchymal Disease (Table 14.2) 

CT scanning has become the established method for detecting and characteriz- 
ing pulmonary nodules in children with known malignancies which have a high 
propensity for pulmonary dissemination. Demonstration of a pulmonary nodule 
or nodules may lead to additional treatment (surgery, chemotherapy, or radia- 
tion). Conventional CT has high sensitivity for identifying pulmonary nodules, 
but false-negative studies can result from variations in the depth of patient respi- 
ration or volume averaging. By enabling contiguous volumetric data acquisition 
and overlapping reconstructions, helical CT eliminates or minimizes these prob- 
lems [7, 8], even in small children who are scanned during quiet breathing. 

Small overlapping reconstructions (2-4 mm) should be used to confirm a 
nodule suspected on standard images and for cases requiring densitometry. To 
increase the accuracy of densitometry, the section thickness should be at least 
one half of the diameter of the nodule. 

14.3.2 

Focal Mass Characterization (Table 14.3) 

The overlapping volumetric data and multiplanar images created during helical 
CT are useful to delineate the anatomy of complex congenital lesions (arterio- 
venous malformations and pulmonary sequestrations) and clarify the relation- 
ship of a lesion or nodule to the pleura or to the diaphragm [9]. Two- and 
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Fig. 14.1a, b. Peridiaphragmatic metastasis from osteosarcoma in a 14-year-old boy. a Axial im- 
age shows a calcified nodule adjacent to the dome of the liver (L). The relationship of this mass 
to the diaphragm was unclear on axial images, b Sagittal two-dimensional image (4-mm colli- 
mation, 2-mm reconstruction) shows that the nodule (arrow) is in the pulmonary parenchyma, 
but abuts the diaphragm. Open lung exploration confirmed a parenchymal metastasis 



three-dimensional reconstructions in coronal and sagittal planes are partic- 
ularly helpful in characterizing a lesion as intraparenchymal or pleural based 
(Fig. 14.1). 

14.3.3 

Tracheobronchial Tree Assessment (Table 14.3) 

The tracheobronchial tree includes the trachea, carina, mainstem bronchi, and 
the lobar and segmental bronchi. These structures are easily definable with heli- 
cal CT. Common indications prompting CT of the airway are: (a) evaluation of 
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congenital anomalies, (b) detection of post-transplantation complications, and 
(c) identification of bronchiectasis and small airway disease [10, 11]. By compar- 
ison with adults, neoplasia is a rare indication for helical CT of the airway in chil- 
dren. Airway assessment requires a table speed sufficient to allow coverage of the 
entire trachea and proximal subsegmental bronchi. 

The contiguous data set afforded by helical CT allows identification of virtual- 
ly all normal segmental bronchi, especially when scans are obtained during sus- 
pended inspiration. As a result, detection of congenital anomalies is improved. 
Clinically important congenital anomalies include ectopic bronchi (tracheal 





Fig. 14.2a, b. Hypoplastic lung in a newborn girl, a Axial shows an opaque right hemithorax ex- 
cept for a tiny amount of aerated lung posteriorly (arrow), b Coronal multiplanar reconstruction 
(2-mm collimation and table speed) shows a hypoplastic right mainstem bronchus (arrowhead) 
supplying a small aerated segment of right lung. The remainder of the right hemithorax is 
opaque because the lung is absent. The left mainstem bronchus and lung are normal 
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bronchus), supernumerary bronchi (cardiac bronchus), and hypoplastic or ab- 
sent bronchi (Fig. 14.2). 

Postoperative complications, such as small dehiscences and stenoses, which 
are not discernible on conventional CT, can be identified by helical CT. Thin-sec- 
tion axial and helical CT with multiplanar reconstructions each have a sensitivity 
of 90% for detecting stenoses. False-negative results are usually due to tracheo- 
malacia. However, the extent of bronchial stenosis and extraluminal gas collec- 
tions are shown best on two- or three-dimensional projections rotated to parallel 
the long axis of the trachea and bronchi (Fig. 14.3). Three-dimensional images 
can be viewed as a cine loop. 

Dynamic imaging of the lungs with a series of helical CT scans during inhala- 
tion and exhalation is a useful technique to identify global or focal air-trapping 
associated with bronchiectasis and small airway abnormalities, such as bronchi- 
olitis obliterans. It also has been used to quantitate the degree of tracheal collapse 
in patients with tracheomalacia. The faster scan times afforded by helical CT al- 
low a comparison of identical levels without motion misregistration. When dif- 
fuse lung disease is suspected, scans are obtained with 1.5- to 2-mm collimation 
at three selected levels (the aortic arch, tracheal bifurcation, and lung bases) in 
forced inspiration and expiration. If focal disease (i.e., bronchiectasis, cystic dis- 
ease) is suspected on the basis of the screening CT, thinly collimated scans in in- 
spiration and expiration can be limited to the area of abnormality. Attenuation 




Fig. 14.3. Bronchial dehiscence in a 3-year-old recipient of a double lung transplant, non-breath- 
holder. Coronal multiplanar image (4-mm collimation and table speed, 2-mm reconstruction) 
shows an extraluminal gas collection (arrow) immediately adjacent to the anastomosis of the left 
mainstem bronchus with the trachea 
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Fig. 14.4a, b. Swyer-James syndrome (acquired pulmonary hypoplasia) in a 9-year-old boy. 
a Inspiration CT through the lung bases shows a small left lung with attenuated vessels, b On ex- 
piration, the left lung is hypodense compared with the right lung, reflecting the presence of air 
trapping 



values are then measured with region-of-interest cursors placed in the periphery 
of the lung. The mean attenuation value of normal lung increases homogeneous- 
ly during exhalation, whereas in patients with air-trapping, mean lung attenua- 
tion value decreases with exhalation (Fig. 14.4). Air trapping is a better predictor 
of airway disease than either mosaic perfusion or bronchiectasis. 
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Fig. 14.5. Hypoplastic right lung and pulmonary artery in a 10-year-old boy. Contrast-enhanced 
scan (8-mm thickness and table speed) at the level of the pulmonary hila demonstrates excellent 
opacification of the main pulmonary artery (MP) and left pulmonary artery (LP). There is no 
right pulmonary artery seen 




Fig. 14.6. Scimitar syndrome in a 2-year-old girl. Axial CT (4-mm thickness and table speed, 2- 
mm reconstruction) shows dextrocardia, a small right lung, and an anomalous right pulmonary 
vein (arrow) draining into the right atrium 
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Fig. 14.7. Aortic coarctation in a 13-year-old boy. Sagittal two-dimensional reconstruction (4- 
mm thickness and table speed, reconstruction) shows a focal, high-grade constriction (arrow) in 
the descending aorta just below the level of the great vessels 



14.3.4 

Mediastinal Survey (Table 14.2) 

Frequent indications for mediastinal and hilar CT include (a) identification of 
vascular anomalies and (b) determination of tumor extent. Axial images provide 
most of the pertinent information, but multiplanar images are occasionally help- 
ful for clarifying the anatomy of complex vascular lesions. 

A number of congenital abnormalities can affect the aorta, superior vena cava, 
and pulmonary arteries. Absence, hypoplasia, and abnormal position and origin 
of the great vessels are easily identified with helical CT following administration 
of intravenous contrast medium (Figs. 14.5-14.7). 

The capabilities for retrospective reconstructions and more consistent precise 
delivery of contrast medium improve detection of mediastinal infiltration, vascu- 
lar occlusion or encasement, and lymph node enlargement. Helical CT is partic- 
ularly valuable in detecting nodal enlargement which otherwise might be missed 
by conventional CT. The resultant information can facilitate surgical planning or 
radiation therapy. 
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15.1 

Introduction 

CT has revolutionised body imaging over the past 20 years but has had surpris- 
ingly little impact on cardiac diagnosis. Acquisition times are long relative to the 
length of the cardiac cycle, with motion reconstruction artefacts severely degrad- 
ing image quality. Despite progressive reductions in exposure time and the devel- 
opment of slip ring technology, the potential for anatomical and functional imag- 
ing of the heart has never been fully realised. 

Recognising that faster data acquisition was the key to cardiac CT, Boyd et al. 
developed an electron beam CT (EBCT) scanner specifically designed for cardiac 
imaging [1]. 

To overcome the limitations of conventional third-generation systems the ro- 
tating X-ray tube and detector array are replaced with fixed target and detector 
rings encircling the patient. With no moving parts, images can be acquired in as 
little as 50 ms with up to 17 images per second at one location. Combining rapid 
imaging with ECG triggering makes three operating modes possible: (a) sequen- 
tial scanning to give a series of contiguous slices all obtained at the same point in 
the cardiac cycle, (b) multiple images at one level throughout the cardiac cycle 
(cine imaging), and (c) repeated imaging at the same level at the same point in 
the cardiac cycle. The three modes are used to assess cardiac anatomy, ventricular 
wall motion and myocardial perfusion, respectively. 

Since its development 10 years ago a substantial body of literature has grown 
up around the use of EBCT in the heart. It has been widely used in assessing cor- 
onary artery and valve calcification [2], delineating pericardial and intra-cardiac 
masses, and measuring ventricular function [3], muscle mass [4], intra-cardiac 
shunts and myocardial perfusion [5]. EBCT is a powerful investigative tool, but it 
also has serious drawbacks. Poor contrast resolution and non-uniform slice 
width across the field of view make it inferior to conventional CT for applications 
outside the heart. It has therefore never been widely adopted. The case for faster 
scanning and cardiac CT in general, however, has been established. 

Cardiac motion for the purposes of transaxial imaging can be considered in 
two planes, in-plane and through-plane. In-plane motion causes streak artefact 
and blurring on the reconstructed image whereas through-plane motion leads to 
misregistration. Through-plane motion is generally an order of magnitude great- 
er than in-plane motion. Figure 15.1 shows the relationship between left ventric- 
ular wall motion as demonstrated by M mode echocardiography and the ECG. 
Following early diastole when there is rapid ventricular dilatation, there is a peri- 
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Fig. 15.1. M-mode echocardio- 
gram showing relationship 
between ECG, systole and diastole. 
Grey, highhghted myocardial bor- 
ders. There is relatively little mo- 
tion of the endocardium during 
diastole compared with systole 





Fig. 15.2a, b. Two consecutive 750 ms slices through the left ventricle in a patient with a heart 
rate of 50 bpm. a Systolic acquisition, b Diastolic acquisition. Timing was by chance, b Improve- 
ment in delineation of the endocardium and subvalvar apparatus (black arrowhead). Aortic 
valve (white arrowhead) and mitral valve leaflets (black arrows) are also shown 



od of slow filling with relatively little motion. While this is of variable length and 
can alter substantially with heart rate, it does offer a data acquisition window rel- 
atively free from motion. 

The development of conventional CT systems with sub-second rotation times 
has renewed interest in cardiac CT, giving us the chance to exploit this ‘quiet’ pe- 
riod for the first time. Considering subjects with a bradycardia (i.e. heart rate 
50 bpm) the R-R interval or cardiac cycle length is 1200 ms; a 750 ms acquisition 
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is far shorter than the cardiac cycle length and occasionally chances into this 
quiet period. Figure 15.2 presents an example of such an occurrence where 
marked improvement in intra-cardiac detail can be seen when compared with 
the adjacent slice which was acquired during systole. By applying cardiac trigger- 
ing to the acquisition or data reconstruction the same improvement in image 
quality will be seen on every slice. 

Many manufacturers have developed reconstruction algorithms which use 
data from a partial rotation allowing an even shorter data acquisition time. The 
minimum rotation required to reconstruct a single slice depends on the fan beam 
geometry of the individual scanner. For the SOMATOM Plus 4A this represents a 
240° arc equivalent to an exposure time of 500 ms. We describe our experience of 
partial rotation reconstruction and diastolic image acquisition to the heart. 

15.2 

Principles of ECG-Triggered CT 

The two main approaches to cardiac imaging using conventional CT are prospec- 
tive triggering and retrospective reconstruction. Both aim to use data acquired 
during the ‘quiet’ part of the cardiac cycle. Prospective triggering involves data 
acquisition during a predetermined window in the cardiac cycle whereas retro- 
spective reconstruction entails selective reconstruction of diastolic data from a 
continuous stream of data acquired in the normal way. For prospective triggering 
the subjects EGG is monitored and after a pre-defined delay following the onset 
of systole (as indicated by the R wave) the X-ray beam is switched on. Data acqui- 
sition must be complete before the next R wave. Success depends entirely on the 
accurate initiation of X-ray ‘beam on’ from an external signal. With this in place, 
implementation for single slice or sequential imaging is simple. 

Retrospective triggering applies only to image reconstruction and requires no 
hardware modifications to control X-ray ‘beam on’. Data acquisition is per- 
formed as normal but the subjects EGG is recorded throughout. Timing informa- 
tion from the EGG is then used to select appropriate 240° datasets collected dur- 
ing diastole. Systolic data is not used in the reconstructions representing unnec- 
essary irradiation. Without prospective triggering data acquisition can start by 
chance at any time in the cardiac cycle. To ensure that sufficient diastolic data is 
available for reconstruction more than one rotation per slice is needed when car- 
diac cycle length is greater than 750 ms. 

Application of both approaches is simplest for single-slice or sequential tech- 
niques but spiral imaging is also possible. As Fig. 15.3 shows, triggering leaves 
gaps in the data helix, which require complex interpolation before reconstruction 
can take place. The data gaps limit minimum reconstruction intervals, and a pitch 
of 1 or less is needed to reduce this effect. 



15.3 

Methods for EGG-Triggered GT 

The following account relates to our experience of cardiac triggered GT using a 
SOMATOM Plus 4A (Siemens, Erlangen, Germany). 
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Fig. 15.3. Spiral data acquisition with ECG triggering showing data gaps occurring as a result of 
eliminated systolic data. This effect limits the minimum reconstruction interval to be equal to 
the table travel associated with one cardiac cycle 



15.3.1 

Prospective ECG Triggering 

A 3-lead bedside ECG monitor with an analog output is attached to the patient. 
The ECG monitor output signal is digitised and processed in real time on a PC 
using custom-written ‘in-house’ software. The R wave peak is detected using a 
falling slope with magnitude threshold and applying a minimum R-R interval to 
avoid premature detection of large T-wave peaks. Following the detection of the 
R wave peak the PC waits for a user defined delay (tdei) before sending the trigger 
signal to the scanner. The CT scanner has been modified to respond to an exter- 
nal signal and switches the X-ray beam on within 20-50 ms of receiving the trig- 
ger. The time delay is selected to acquire the image during the phase of least car- 
diac motion, i.e. between the end of the T-wave and the start of the next R-wave 
(Fig. 15.4). Once the trigger delay has been selected, the ECG triggered option is 



Fig. 15.4. ECG monitoring 
software detects the R wave 
and sends a trigger to the 
scanner to start acquisition 
after a predefined delay (tdei). 
This is chosen to coincide 
with diastole. There is a short 
systematic delay (frig) before 
the X-ray beam is switched 
on. Data acquisition is com- 
plete within 500 ms 
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Fig. 15.5. The prospective triggering system sends a trigger signal to the scanner on every heart 
beat at the pre-set delay. The scanner, however, ignores fliis signal until ‘armed’ and then triggers 
on the first signal received after arming. In this sequence the table moves after each slice intro- 
ducing a refractory period of 1.5 s before the scanner can respond to the next trigger. This results 
in data acquisition on alternate beats 



selected on the CT console. A 750-ms rotation time with a 240° acquisition 
(500 ms exposure) is used with other imaging parameters selected to suit the 
application. Once the sequence is configured and the trigger mode is armed, 
exposures only occur in connection with the PC trigger signal. A light detector 
circuit positioned next to the ‘beam on’ warning light is fed back to the PC to ver- 
ify acquisition timing 

The minimum cycle time (start of image to start of next image) is 1.5 s with 
table motion between scans or 0.8 s without table motion. Figure 15.5 shows the 
trigger signal sent by the PC for every cardiac cycle. Before the sequence start, i.e. 
before the ECG trigger mode is armed, the trigger (a) is ignored. The first acqui- 
sition commences after the first trigger following the sequence start (b). Once the 
image is complete, the table moves and the scanner is refractory to further trig- 
ger signals for 1.5 s after the initial trigger. Hence in this example the trigger (c) 
after sequence start is ignored during the refractory period, and the second ac- 
quisition follows the trigger (d). With a heart rate of 75 bpm or less this results in 
imaging on every other beat. Without table motion the refractory period is 0.8 s, 
and imaging occurs on every beat. 

15.3.2 

Retrospective ECG Triggering 

Using the same ECG monitoring system and PC processing as described above, 
the subject’s ECG is recorded during conventional data acquisition. Retrospective 
partial rotation reconstruction is then applied to the resulting dataset. For a sin- 
gle slice this can be done arbitrarily by performing multiple 240° reconstructions 
at 0.1 s intervals and selecting the best, or by using cross-registration with the 
ECG and selecting a 240° dataset acquired during diastole. Partial rotation spiral 
reconstruction algorithms are available, but we have had little success to date in 
using them. 
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15.4 

Applications 

The value of EGG triggered conventional CT has yet to be established, but previ- 
ous published experience with EBCT is an indication of its potential. Using se- 
quential scanning and prospective triggering, we have already seen marked 
improvement in the demonstration of cardiac structure although intravenous 
contrast is needed to visualise cardiac chambers and subvalvar apparatus 
(Fig. 15.6). Using our current system, demonstration of normal valve leaflets is 
still often impossible, but diseased and immobile valves may be shown. Echocar- 
diography, however, with its substantially faster imaging rate, is better suited to 
the investigation of valve disease; therefore CT is unlikely to have a significant 
role. 

Diastolic chamber size and ventricular muscle thickness are well shown, but 
with present limitations on minimum exposure time there are no means for cine 
imaging. Ventricular function cannot be assessed. As prospective triggering al- 
lows for acquisition of contiguous slices in the same phase of the cardiac cycle, it 
maybe possible to use a contrast enhanced block of data, covering the whole ven- 
tricle, to calculate muscle mass. This would entail planimetry of muscle area on 
each slice and the use of Simpson’s rule as has been described for EBCT and MRI 
[6] . The use of ECG-triggered conventional CT in this way, however, has yet to be 
validated. 

Conventional CT is already used in the assessment of masses involving the 
heart, but one would expect improvements in image quality with ECG triggered 
acquisition. Other modalities such as echocardiography and MRI, however, may 
be more appropriate. Some improvement should also be expected in imaging the 
pericardium in patients with suspected pericardial constriction. 




Fig. 15.6a, b. Two images through the left ventricle at the same slice position during intravenous 
contrast enhancement, a Prospectively ECG triggered, b Not prospectively ECG triggered. Small 
arroWy an area of aortic valve calcification; large arrow ^ improved endocardial definition 
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Coronary calcification is always associated with atheroma. Numerous reports 
using EBCT have shown that the total amount of coronary calcium (calcium score 
as proposed by Agaston et al. [7]) correlates well with the extent of the atheroma 
[8]. This in turn is a reliable indicator of risk for future cardiac ischaemic events. 
The presence of calcification irrespective of its severity at any one site is not cor- 
related with the severity of stenosis at that site [9] and is not a predictor of future 
plaque rupture at that site. 

The absence of coronary calcium is also important. In subjects with suspected 
ischaemic heart disease the absence of coronary calcification excludes significant 
disease. The evidence clearly shows coronary calcification to be an important in- 
dicator of disease, but only EBCT has been found to be a reliable and reprodu- 
cible tool for quantification. A recent report using twin spiral CT suggests that 
conventional CT maybe semi-quantitative [10], although accurate quantification 
requires shorter exposure times than used in that study. Our preliminary experi- 
ence with prospective triggered CT is encouraging. Not only is coronary calcifi- 
cation reliably shown, but compared with non-triggered acquisitions, motion-re- 
lated star and streak artefacts can be virtually eliminated (Fig. 15.7). Formal trials 
of the reproducibility of quantification have yet to be completed. If accurate 
quantification is possible using ECG triggered conventional CT, this is likely to 
become an important indication. 

Transmitted cardiac pulsation is a well-recognised cause of motion artefact on 
high-resolution CT images of the lung, particularly in the left lower lobe and lingu- 
la. Pseudo-bronchiectasis and artefactual bronchial wall thickening are common. 
Early results with ECG triggered CT show substantial improvement in these arte- 
facts with no resulting loss of diagnostic information from the reduction in expo- 
sure time from 750 to 500 ms (Fig. 15.8). Due to the ease of implementation prospec- 
tive triggering is likely to become a routine part of all HRCT if not all CT in the chest. 




Fig. 15.7a, b. Two 3-mm sections through the aortic root showing improved resolution of aortic 
{white arrow) and left anterior descending coronary artery calcification {black arrow) with pros- 
pective ECG triggering, a Triggered, b Not triggered 
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Fig. 15.8a, b. Two 1-mm high-resolution CT images of the lung at the same slice position recon- 
structed with a high definition algorithm, a Performed without prospective triggering, showing 
cardiac motion artefact (small arrows) and blurring of the oblique fissure (large arrow), b ECG 
triggered 



Repeated scanning at a single level during the passage of a bolus of contrast 
medium is a well-described method for calculating solid organ perfusion. Apply- 
ing dye dilution theory to the distribution of the contrast bolus, the peak rate of 
change of attenuation value within a tissue can be used to calculate absolute tis- 
sue perfusion in milliliters per minute per gram of tissue. This has been reported 
and validated in the liver, spleen [11] and kidney [12]. Cardiac motion artefact 
has always precluded its use with conventional CT in the heart although the same 
approach has been used for measuring myocardial perfusion with EBCT [13]. 
Our initial experience with prospective ECG triggered CT shows promise, as il- 
lustrated in Fig. 15.9; however, validation by comparison with other methods has 
not yet been carried out. Myocardial scintigraphy is the mainstay of clinical myo- 
cardial perfusion imaging (^^^Tl or ^^^Tc isonitrile scanning), but this is only 
qualitative. There is no non-invasive technique for measuring myocardial perfu- 
sion in man. Given the prevalence of ischaemic heart disease in the Western 
world, this is perhaps the most exciting potential application for the technique. 

We have little experience of retrospective triggered reconstruction and then 
only with spiral datasets. Multiplanar and 3D reconstructions of mediastinal 
structures in the long axis are often marred by ripple artefact which is a direct 
consequence of cardiac motion (Fig. 15.10). Experience with EBCT and early re- 
ports using retrospective triggered reconstruction show that this can be im- 
proved. Processing, however can be very time consuming, as was shown in a re- 
cent report describing retrospective triggered reconstruction to assess coronary 
calcification [14]; in this study 3-4 h of processing was common. This may re- 
duced by registration with simultaneous ECG recording, but numerous problems 
remain. Not least is the unnecessary irradiation incurred by discarding the sys- 
tolic data. A prospectively triggered spiral acquisition is still awaited. 




Fig. 15.9. a-e Repeated prospectively triggered sections through the heart during the passage of 
a bolus of intravenous contrast medium. Contrast passes from the right ventricle (a), to both 
ventricles (b) and then to the left ventricle (c). EGG triggering reduces cardiac motion artefact 
between slices and allows time/attenuation curves to be drawn for regions of interest (d) or on a 
pixel-by-pixel basis, (e) Relating time-intensity curves to the aortic input function for each 
pixel a map of absolute tissue perfusion can be created. Left ventricular myocardial perfusion is 
homogeneous in normal subjects and is higher (light grey^ 1.5 ml/min/g) than voluntary muscle 
in the chest wall (dark grey, 0.6 ml/min/g) 
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Fig. 15.10. Oblique sagittal reconstruction of the aortic arch showing ripple artefact {black, 
white arrows) related to cardiac motion. This is most marked in the aortic root where transmit- 
ted cardiac motion is greatest. There is no ripple on the surface of the descending aorta 



15.5 

Conclusion 

Prospective and retrospective ECG triggered CT are now available using conven- 
tional scanners. Our early work with a SOMATOM Plus 4A shows that substantial 
improvements in image quality can be made and a number of applications are 
envisaged. These will include routine application of ECG triggering to CT of the 
heart and in particular to high resolution CT of the lung. Coronary calcification 
quantification and myocardial perfusion imaging will require further develop- 
ment work but are likely to be important. The role of triggering in spiral image 
acquisitions is more speculative. There will be some improvement in transaxial 
imaging, but the greatest benefit will be seen when triggered datasets are used for 
Z axis reconstructions. Despite the enormous potential of the technique, prob- 
lems remain. The most significant is that a 500-ms acquisition is still too long. 
The advantages of triggering are negligible at heart rates greater than 75 bpm. 
When partial reconstruction is used, the asymmetric acquisition geometry can 
lead to beam-hardening artefacts on the reconstructed image. This may be unim- 
portant in anatomical imaging but is definitely not so when accurate attenuation 
measurement is needed. 

As with all evolving technologies, ECG triggered conventional CT (prospective 
or otherwise) should be openly embraced, but its real value will not be estab- 
lished for some time to come. 
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Reconstruction from Subsecond Spiral CT Scans 
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W. Moshage, W. a. Bautz 



16.1 

Introduction 

Coronary artery desease is one of the most important causes of death in western 
countries. This explains the high demand for noninvasive imaging techniques for 
the heart. X-ray based techniques, in addition to magnetic resonance and ultra- 
sound imaging, remain important as only they are able to image and, potentially, 
to quantify coronary calcification. Fluoroscopy, conventional computed tomo- 
graphy (CT), spiral CT, and electron-beam CT have not yet become fully estab- 
lished; fluoroscopy fails to detect small amounts of calcium, conventional CT is 
not able to scan the volume of interest adequately during a single breathhold, and 
electron-beam CT systems are seldom available due to their high cost. 

The development of continuously rotating scanners followed by the introduc- 
tion of spiral CT [1,2] has led to a renaissance of CT. Its volume-scanning capa- 
bility together with the increase in rotation speed (subsecond scans are available 
on many scanners today) has made volume scans of whole anatomical regions 
during a single breathhold a clinical reality. The use of standard spiral recon- 
struction techniques in cardiac imaging is not satisfactory because the scanning 
time, although subsecond, is in the order of one heart cycle, and motion artifacts 
are thus introduced. The widespread 180°LI algorithm, for example, involves a 
data range of 2 X (180° + <I>), where the fan angle # is 52° in our case, which yields 
a temporal resolution of approximately 1 s for a 0.75 s scanner. This is the time 
for one heart cycle, assuming a typical heart rate of 60 bpm. 

To achieve high image quality in cardiac imaging effective scan times shorter 
than 100 ms are desirable. This can be achieved by electron-beam CT but not by 
conventional CT scanners. Therefore we have developed two specific cardiac spi- 
ral algorithms: 180°C1 (Cardio-lnterpolation), a modified z-interpolation with 
electrocardiogram (ECG) gated selection of corresponding heart phases (step- 
wise linear interpolation between successive spiral data segments in the same 
heart phase) and 180°CD (Cardio-Delta), a partial scan reconstruction. Both ap- 
proaches should significantly improve the quality of cardiac imaging. Here we 
present the new algorithms 180°C1 and 180°CD and processed patient data, com- 
paring them with the standard spiral algorithm 180°LI. 

16.2 

Materials and Methods 

Ten patients with heart rates from 53 to 93 bpm underwent single-breathhold 
spiral CT scanning for 30-40 s with 0.75 s per 360° rotation. All scans were per- 
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formed on a Somatom PLUS 4 (Siemens Medical Systems, Erlangen, Germany) 
using a table increment d = 3 mm per 360° rotation and a nominal slice thickness 
S = 3 mm. The EGG was simultaneously recorded during the scan. We used custo- 
mized software to detect automatically the R peaks from the EGG signal and to 
synchronize this information with the projection numbers. 

Windows of allowed projections are navigated relative to the R-R interval by 
two user selectable parameters: offset and width (Fig. 16.1). The offset deter- 
mines the start position of the window (first allowed projection) within a heart 
cycle, and the width determines its size (number of allowed projections). For ex- 
ample, offset = 30% and width = 50% means that data lying in the first 30% and 
the last 20% of the cardiac cycle are unacceptable (forbidden) data and data from 
30% to 80% are allowed for use in reconstruction. Offset and width are used to se- 
lect primarily a heart phase with relatively little cardiac motion. 



16.2.1 

Algorithm 180°CI 

The algorithm 180°CI is a modification of the most commonly used z-interpola- 
tion algorithm 180°LI. The EGG information is utilized to skip data points falling 
into forbidden data ranges and to choose the next allowed data points for inter- 
polation (Fig. 16.1). The search is limited to a maximum range which can be se- 
lected by the user. In the cases presented below, we chose a maximum distance of 
6 mm (which is twice the table feed d) on each side of the reconstruction plane 




Fig. 16.1. Algorithm 180°CI. Only allowed data are used for reconstruction. The allowed data 
ranges are determined by selecting the width (here 65%) and offset (here 20%) relative to the 
cardiac cycle. Three examples for interpolation at position Zr are shown: the value at A cannot be 
obtained between directly neighboring, measured and virtual spiral segments but must be taken 
from B and C, which are separated by 360°. A similar situation occurs for D, which is interpolat- 
ed from E and F with a distance of 360°. G: direct interpolation as in 180°LI 
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Zr. Having found two allowed data points - one on either side of the reconstruc- 
tion plane - linear interpolation is carried out to obtain the corresponding pro- 
jection value in the reconstruction plane at z = Zr. (Obviously, when choosing 
width = 100%, the algorithm 180°CI results in 180°LI.) The synthesized projec- 
tions then undergo the standard image reconstruction process, for example, fil- 
tered backprojection. The reconstruction position Zr can be chosen arbitrarily 
and retrospectively, as is customary in spiral CT. 

16.2.2 

Algorithm 180°CD 

A partial scan reconstruction of spiral data centered about Zr results by the algo- 
rithm 180°CD. It uses only data closest to the reconstruction plane, and no 
z-interpolation is performed (Fig. 16.2). The data range needed for reconstruc- 
tion is 180° + 8, with 8<<J> (standard z-interpolation algorithms involve a data 
range of 2 X (180° + 3>) or more). Effective scan time and therefore artifacts due 
to cardiac motion are reduced when the data range is as low as possible, i.e., when 
8 is as small as possible. 

It can be shown that 8 depends on the object dimensions [3] and, as long as the 
object is not a cylinder centered on the axis of rotation, on the reconstruction 
position Zr. For typical dimensions of a thoracic cross-section of 25 cm X 40 cm, 
8 varies between 26° and 42° with $ = 52° and a field of measurement of 50 cm. 
This means that the effective scan time ranges from 430 ms to 463 ms for a 0.75 s 




Fig. 16.2. Algorithm 180°CD. Only nearest neighboring data are used to reconstruct at position 
Zr. The data range is 180° + 8 where 8 depends on the object dimensions and reconstruction po- 
sition. Typically 8 = 10° to 40° resulting in effective scan times of 395 ms to 408 ms 
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rotation. If we consider only the moving heart, assuming 10 cm X 15 cm for the 
heart’s dimension, 8 = 10° to 16° and effective scan times from 395 ms to 408 ms 
result. 

16.3 
Results 

Figure 16.3 presents typical results, comparing the three algorithms: three col- 
umns with five images each that are reconstructed at successive z-positions with 
an increment of 1 mm. The left column shows 180°LI, the middle 180°CI, and the 
right 180°CD reconstructed images. The standard reconstruction 180°LI suffers 
from motion artifacts. Especially at Zr = — 2 mm and Zr = — 1 mm the edges of 
the anatomic structures seem to overlap. The calcifications are blurred in all re- 
constructions. These artifacts are corrected to a great extent by 180°CI, especial- 
ly the calcifications show an improved contiguity throughout the slices and they 
are depicted more sharply (arrow). The partial scan reconstruction 180°CD im- 
proves the motion artifacts only slightly and only in those phases where the heart 
is in relatively slow motion: Zr = — 1 mm and Zr = 2 mm. Unfortunately, it does 
not improve overall image quality, since it introduces new streaking artifacts. 
From Fig. 16.3 we see that the artifact content of the new algorithms is increased, 
mostly by parallel streaks. The reasons are not yet fully clarified; the selection of 
data segments may introduce discontinuities in 180°CI and yield parallel streaks. 
The partial scan reconstruction 180°CD produces even more pronounced streaks 
than 180°CI; this is the typical behavior of reconstructed spiral data without 
z-interpolation [1,4]. 

Multiplanar reformations provide a very good impression of the value of 
180°CI. While the transaxial views show some new artifacts, the multiplanar ref- 
ormations are definitely of improved quality (Fig. 16.4). Since the cardiac inter- 
polation images always represent the same cardiac phase, they provide smooth 
continuous contours in multiplanar reformations images. 

16.4 

Discussion 

The new algorithms 180°CI and 180°CD show promising results in cardiac imag- 
ing. Especially promising is 180°CI; motion artifacts are largely corrected, and the 
anatomy is depicted consistently throughout the whole scan volume. Further- 
more, calcifications, which cannot be detected at all or which are imaged twice by 
the standard method, are depicted sharply by 180°CI. This is very important for 
quantifying coronary calcium, which is usually carried out via a thresholding 
process [5] because calcifications in images that suffer from motion artifacts are 
more likely to remain below the chosen threshold (typically 130 HU). Moreover, 
180°CI is well suited for volume representations, such as multiplanar reforma- 
tions and 3D displays. 

Successive images from 180°CD do not necessarily contain data from corre- 
sponding heart phases since the partial scan reconstruction depicts the momen- 
tary position of the heart. Therefore this algorithm is not suitable for volume rep- 
resentations. Nevertheless, there is the possibility of prospective selection of the 
reconstruction position based on the EGG information: reconstructing at a cer- 
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Fig. 16.3. Comparison of algorithms. Left, 180°LI; middle, 180°CI; right, 180°CD. Images are re- 
construced at successive positions with an increment of 1 mm. Only 180°CI depicts calcifications 
clearly throughout the volume. (Patient’s heart rate: 81 bpm, offset = 20%, width = 70%) 
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Fig. 16.4. Comparison of algorithms 180°LI (a, c, e) and 180°CI (b, d, f). a, b Transaxial images, 
c, d Coronal reformations, e, f Sagittal reformations. The 180°CI interpolation shows the anato- 
my best in its contiguity and motion artifacts {stepping artifacts) are effectively reduced. 
(Patient’s heart rate: 78 bpm, offset = 20%, width = 70%) 
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tain offset from the R peak yields images for the same heart phase, but with var- 
ying z-increments (since the heart rate varies during the scan). This approach 
may become more important with faster scanners or with prospective EGG gat- 
ing. 

Unfortunately, the new algorithms suffer from new artifacts in the image 
plane, due either to selecting data from different spiral segments (180°CI) or to 
not interpolating the spiral data (180°CD). These discontinuities in the algo- 
rithms result in parallel streaks in the images. Further efforts must be taken to re- 
duce these artifacts. For example, modifications in our algorithms which produce 
smooth transitions from data segment to data segment are under development. 

Future CT systems with higher and adjustable rotation speeds and with multi- 
row detector systems might overcome these problems. Higher rotation speeds 
will result in a higher temporal resolution and therefore reduce motion artifacts 
in a natural way. Adjustable rotation speed is important to avoid the resonance 
problem whenever the heart rate is close to the rotation frequency. The 180°CI 
slice sensitivity profiles depend on the z-position (or, equivalently, on the chosen 
offset), as was shown elsewhere [3]. Multirow data acquisition could be used to 
sample the complete volume without data gaps (forbidden data) and would also 
yield slice sensitivity profiles independent of z-position. 
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17.1 

Introduction 

CT-guided diagnostic punctures are very well established in diagnostic radiology 
since many years. Percutaneous biopsies are accepted as a minimal invasive pro- 
cedure for obtaining a histological diagnosis of various chest abnormalities. Suc- 
cess rate and complications depend on a number of parameters such as needle 
size, number of biopsies taken, path length through the lung, and location of the 
abnormality. The shift from performing biopsies with fluoroscopy to CT guid- 
ance has become routine. Many diagnostic interventions are still carried out us- 
ing conventional CT systems. In recent years technology has changed, and in 
many institutions spiral CT systems are now available. The purpose of this study 
was to evaluate the diagnostic efficacy of CT-guided biopsies of chest lesions us- 
ing different techniques. 

17.2 

Material and Methods 

From September 1994 to December 1997 171 CT-guided biopsies of the chest 
were performed in 171 patients. The study included 125 males and 46 females 
with the a mean age of 58.7 years. The youngest patient was 13 years old, the old- 
est patient 83 years. 63 chest biopsies were done using a Somatom plus S (Siemens 
AG, Erlangen) and 108 chest-biopsies using a Somatom plus 4A (Siemens AG, 
Erlangen). There were 132 pleural, subpleural, or pulmonary lesions, 37 medias- 
tinal lesions, and 2 lesions of the chest wall. An automatic cutting needle (Bip 
system) was used in all patients. Needle size and length varied depending on the 
size and localization of the lesion: 14, 16, or 18 G and 59, 89, or 119 mm. The size 
of the biopsied lesions ranged from 8 to 132 mm, with a mean of 40.2 mm. The 
path length through the lung varied between 2 and 80 mm with a mean of 

29.2 mm. 

17.3 
Results 

The overall complication rate of the 171 CT-guided biopsies was 21.8%. Pneu- 
mothorax occurred in 17% of patients, pneumothorax requiring chest tube 
placement in 3%, hematopericardium in 0.6%, and hematothorax with drainage 
in 0.6%. One patient (0.6%) died directly after the intervention due to myocardial 
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infarction unrelated to the biopsy. In 37 mediastinal biopsies the complication 
rate was 3% for hematopericardium and 8% for pneumothorax, all without chest 
tube placement. In 132 pleural, subpleural and pulmonary biopsies in 22% a 
pneumothorax without chest tube placement occurred and in 4% a pneumotho- 
rax requiring chest tube placement. 

The final histological diagnosis was until now available in 146 of 171 biopsies. 
It was called positive when there was a definitive histological diagnosis of a ma- 
lignant tumor. The classification negative was chosen when there was a final his- 
tological diagnosis of a benigne lesion, inflammatory changes or when follow up 
examinations were available for more than six month. The 146 final diagnosis in- 
cluded 127 malignant tumors and 19 benign lesions. 25 patients, which were ex- 
amined during the last few month, could not be evaluated until now because of a 
negative biopsy and the missing follow up study after six month. In 124 patients 
a malignant tumor was found in the biopsy which means a true positive finding 
in 83%. In 19 patients the final diagnosis of a benign or inflammatory lesion was 
found which means a true negative rate of 13%. There were now false positive 
findings. In six patients (4%) the first biopsy was called false negative because no 
malignant histology could be found. All 6 patients however had a malignant 
lesion proven by second biopsy (3 patients), surgery or follow up examinations 
(3 patients). The positive predictive value of this study was.1 00%, themegative 
predictive value 76%. Including the second biopsy of the 3 patients who were false 
negative in the first examination, the negative predictive value is going up to 84%. 

17.4 

Conclusion 

CT-guided diagnostic punctures of the chest are very well established today. They 
have a very high diagnostic accuracy and in most cases provide a final histolog- 
ical diagnosis. CT-guided biopsies can avoid many invasive surgical procedures 
such as mediastinoscopy, thoracoscopy, and thoracotomy. The complication rate 
in CT-guided interventions is similar to or lower than that in surgical interven- 
tions, but they are less invasive even than minimal invasive surgical procedures. 
For a genuine histological diagnosis core biopsies should be carried out. Fine- 
needle aspirations are seldom sufficient for a definitive histological diagnosis. 
Because of the relatively low complication rate and the high diagnostic accuracy 
only automatic cutting needle systems should be used. 
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18.1 

Introduction 

Three-dimensional imaging (3DI) is at the intersection of a number of emerging 
technologies. First, is the unprecedented price-performance ratio of current com- 
puters that have increased enormously in computational speed, at the same time 
that costs for computer hardware have plummeted. Second, is the rapid develop- 
ment of interactive 3-D graphics software to provide optimal 3-D visualization. 
The final factor has been the development of breathheld spiral CT as a mature 
technology. The rapid scan acquisition of spiral CT affords volumetric data sets 
free of motion and respiratory artifacts to be utilized for 3-D imaging. 

Musculoskeletal applications of 3DI have been in clinical practice for nearly 15 
years and have relied largely upon shaded surface display as the primary visual- 
ized method. However, the recent development spiral CT has made possible 3-D 
CT angiography (CTA) and virtual endoscopic imaging using a combination of 
rendering methods such as maximal intensity projections, curved planar refor- 
mations, and perspective volume rendering. 

18.2 

CT Angiography 

CTA has gained widespread acceptance as a minimally invasive technique to im- 
age vascular disorders [1-3]. CTA and magnetic resonance angiography (MRA) 
are currently highly competitive techniques. The development of ultrafast gra- 
dients and the use of contrast agents have greatly facilitated abdominal and 
peripheral vascular MRA. With the use of maximum intensity projections (MIP) 
the editing of MRA data sets is often far less complex than with CTA. Unlike 
MRA, CTA is readily able to visualize calcifications and stent grafts. Our current 
approach is to use MRA in patients with comprised renal function, pediatric pa- 
tients, and in patients in whom a large anatomic region of interest is to be evalu- 
ated such as the aortoiliac and peripheral vascular system. CTA is used to evalu- 
ate limited anatomic regions and in particular is ideal for the planning and fol- 
low-up of vascular intervention such as stent grafts. 

There are several key elements for success with CTA. Chief among these is pa- 
tient education to sustain a breathhold for at least 30 s and accurate timing of the 
contrast bolus to maximize the arterial opacification of the targeted volume to be 
scanned. We prefer to use a minitest bolus of approximately 15 cc and to scan pe- 
riodically just above the target volume to determine the precise time delay curve 
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for each individual patient. For most abdominal and peripheral vascular applica- 
tions, 3 mm coUimation is used with a pitch of 2. A collimation of 3 mm is utilized 
in the upper abdominal aorta to visualize the splanchnic vessels and 5 mm colli- 
mation to visualize the iliac circulation. This combination works well to visualize 
the entire aortoiliac circulation. A rapid bolus injection is utilized on the order of 
5 ml/s with nonionic contrast. Typical contrast volumes include 150-200 ml for 
most aortoiliac studies. Following data acquisition, overlapping reconstructions 
are performed normally at 2 mm. The scanned data is then reconstructed with a 
targeted field of view of 20 cm to maximize resolution. 

It is essential to view axial source images in addition to 3-D reformations of 
CTA data as they are often important incidental findings noted only on the axial 
images. In the past 2 years we have diagnosed unsuspected renal cell carcinoma 
in five patients. In addition, we have diagnosed mesenteric lymphadenopathy, 
common duct stones, hepatic and splenic metastases, and other important find- 
ings on the axial source images. Standard reformations for the aortoiliac circula- 
tion include: shaded surface display, MIP, curved planar reformations of the 
splanchnic vessels as well as quantitative measurement of aneurysms. Curved 
planar reformations are essential for evaluations of stents and stent graphs to 
view the lumen in cross-section. 

18.3 

Virtual Reality Applications of Spiral CT Data 

Commonly employed 3-D rendering methods include either ray-tracing projec- 
tional techniques (maximum intensity or ray sum) or thresholding techniques 
(shaded surface display). These orthographic techniques perform rendering 
without perspective. The resulting images are as if viewed by magnification from 
an infinite distance. Perspective volume rendering, although computationally 
more demanding and complex, has the distinct advantage of viewing structures 
or interfaces within the data set with the perspective of the human eye at a fixed 
distance. Thus, structures closer to the viewpoint appears larger than structures 
further away. Perspective volume rendering permits visualization of body cav- 
ities and hollow viscoses from a unique internal view that can be used to endo- 
scopic or “fly- through” images (Figs. 18.1-18.4). 

With perspective volume rendering all the voxels in the dataset are assigned 
both opacity and color based on attenuation values. It is possible to manipulate 
the opacity and lighting curves to “shine a light source into the data set” to create 
unique 3-D images that simulate virtual endoscopy. In order to visualize surface 
interfaces an attenuation difference of about 200 HU units is required. Thus dis- 
tention of the air-filled colon following a cleansing routine makes possible virtu- 
al colonoscopy when a light source is projected into the 3-D data-set along the 
course of the colon. The development of automatic path plans and rapid endo- 
scopic movies has for the first time made it possible to perform endoscopic im- 
aging that may play a role in colon cancer screening. 

Initial reported sensitivities of detecting polyps greater than 1 cm are in the 
range of 75%-90% [4, 5]. Errors may be due to problems related to fluid or resid- 
ual stool within the colon and segments of the colon that are poorly distended. 
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Fig. 18.1. Fly- around view of abdominal aorta. In this perspective volume rendered CT angio- 
gram of the abdominal aorta, the intra and extraperitoneal fat is rendered translucent, allowing 
a “fly around” view of an abdominal aorta aneurysm 







Fig. 18.2. Fly- through view of the abdominal aorta. An angioscopic view of the abdominal aorta 
demonstrates marked calcific plaque formation in the midaorta 



These frequently occur in the sigmoid colon, and thus we have used as a standard 
routine in addition to supine air-filled views, additional limited second spiral ac- 
quisition through the sigmoid colon. Future developments include highly auto- 
mated endoscopic movies and potential use of neural networks to and in inter- 
pretation. 
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Fig. 18.3 A, B. Perspective volume rendering of thoracic aortic CT angiogram. A Note a fly- 
around view of a thoracic aorta stent graph. B Note the angioscopic view internally within the 
stent 
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Fig. 18.4a-d. Comparison of perspective volume rendering and perspective surface display, 
a Note perspective shaded surface display using a threshold of -980 HU optimal to display into 
small polyps (P) within the colon, b The threshold is set too high (-930) and portions of the co- 
lonic wall not rendered, and appears as gaps (^) or distorted folds (arrows), c A perspective vol- 
ume rendered image, with an opacity curve that renders all the voxels. Note the lack of artifacts, 
d A perspective volume rendering is performed with different opacity curve making the lower 
areas of attenuation more transparent, creating a more translucent appearance of thinner struc- 
tures However, there are no discontinuities as seen with the surface display. (From [7]) 
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19.1 

Introduction 

Intravenously administered contrast material has proven essential in computed 
tomography (CT) examinations of the liver. It is needed to improve tissue con- 
trast and to detect and characterize liver lesions. Even early dynamic CT studies 
with single-slice technique revealed a unique contrast perfusion curve of the liv- 
er parenchyma and various patterns of liver lesion enhancement depending on 
their blood supply and degree of vascularity [4]. 

The major problem was that incremental CT enabled dynamic examinations 
only at a single slice level. The present availability of fast CT scanners with spiral 
acquisition and large heat capacity tubes now permits routine scanning of the 
whole liver in 10-20 s during one breathhold. With this technique hepatic spiral 
CT scans can even be performed twice during one bolus of contrast material, al- 
lowing the liver to be imaged separately in the hepatic-arterial phase and the por- 
tal-venous phase. This so-called biphasic contrast-enhanced CT of the liver has 
been shown to improve detection and characterization of liver lesions [2, 3, 14, 15, 
20, 23]. 

With the shorter scanning times it is particularly important to optimize the 
timing between contrast bolus and initiation of the spiral scans. Differences in 
blood circulation time and various contrast material transit times in patients can 
affect accuracy of imaging of perfusion phases [5, 13, 18]. Therefore methods are 
desirable that permit automatic initiation of diagnostic scanning depending on 
the arrival of Ae contrast material bolus in the liver. This chapter presents our 
initial experience with an automatic bolus tracking technique for biphasic and 
monophasic spiral CT of the liver that enables individual bolus-triggered scan- 
ning delays. 

19.2 

Principle of Automatic Bolus Tracking 

Bolus tracking is performed in our institution using a software program (C.A.R.E. 
Bolus) implemented on a Somatom Plus 4 scanner (version B30B, Siemens, Erlan- 
gen). The procedure is based on repetitive monitoring scans at one slice level dur- 
ing respiration and analysis of the time-density curve in a chosen region of inter- 
est (ROI) to determine the optimal individual scanning time. The ROI is chosen 
on a reference scan. The monitoring scans are performed at 50 mA to minimize 
additional radiation exposure. The delay of the monitoring scans and the time 
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between the repetitions can be set before the examination. The reconstruction of 
these scans and the time-density curve in the ROI is displayed at the operator’s 
monitor within 1 s, enabling fast manual interaction if necessary. As soon as a 
predefined contrast enhancement threshold within the ROI is reached, spiral 
scanning is initiated and begins after a delay of about 7 s. This delay is technical- 
ly required but is also used for reposition of the table at the start position and to 
give a breathing command to the patient. 

19.3 

Material and Methods 

Six patients who were admitted routinely for evaluation of an unknown liver le- 
sion (n = 3), a hepatocellular carcinoma (n = 2), or suspected hypervascular liver 
metastases (n = l) were examined with dual-phase spiral CT of the liver. One pa- 
tient with suspected liver metastases due to rectal carcinoma was evaluated with 
portal-venous spiral CT of the liver. 

For biphasic spiral CT we used the following examination protocol: Before 
contrast administration patients routinely received an unenhanced spiral CT of 
the liver, which is considered to further improve detectability [7, 25]. The refer- 
ence scan that defines the level of the monitoring scans is placed at the dia- 
phragm level. The monitoring scans are started with a delay of 8 s after beginning 
of intravenous contrast material administration and repeated every 2 s. The ROI 
is positioned in the descending aorta with a contrast enhancement threshold of 
60 HU for initiation. The 7-s delay for table repositioning and breathing com- 
mands creates a time window for the contrast material to enhance hepatic arter- 
ies and hypervascular liver lesions. For the portal-venous phase we use an delay 
of 15 s after completion of the arterial phase, which seems the appropriate inter- 
scan delay to image the liver at its maximal parenchymal enhancement [18]. The 
spiral CT scans in all three phases (unenhanced, arterial, and portal-venous 
phase) are performed with a collimation of 8 mm, a pitch of 1.5, and a recon- 
struction interval of 7 mm. For biphasic spiral CT the patients receive 120 ml 
nonionic contrast material at a iodine concentration of 300 mg/ml. The contrast 
bolus is administered with power injection at a flow of 4 ml/s. 

For the monophasic portal-venous spiral CT of the liver we use the following 
parameters: For optimization of liver enhancement the ROI is placed within the 
liver parenchyma at a slice level where it stays in the liver even during quiet 
breathing. Care must been taken to avoid large vessels and hepatic lesions when 
positioning the ROI. We choose a slice level for the monitoring scans about 3 cm 
below the diaphragm as shown on the inspiratory measured topogram. During 
breathing this reference slice cuts the liver halfway between the diaphragm and 
the caudal liver margin. The monitoring scans are started with a delay of 40 s af- 
ter contrast injection, the scans are repeated every 5 s. The threshold for initia- 
tion of diagnostic scanning we choose at a parenchymal enhancement of 40 HU. 
We perform the monophasic spiral CT of the liver with a collimation of 8 mm, a 
pitch of 1.5, and reconstruction interval of 7 mm. The injection protocol includes 
a flow of 3.0 ml/s and a volume of 120 ml contrast material (300 mg/ml iodine 
concentration). 
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19.4 

Results 

All examinations have been completed without technical or patient-related prob- 
lems. Fig. 19.1 presents an example of the reference scan with the ROI in the de- 
scending aorta and the following low dose monitoring scans. The arrival of the 
contrast material bolus triggers scan initiation, when the threshold value of 60 HU 
is reached. In Fig. 19.2a the increase in density values within the ROI is illustrat- 
ed as it is displayed on the monitor during the examination. After the examina- 
tion a list of the increasing density values are printed on an additional image 




Fig. 19.1a-d. Bolus tracking procedure for biphasic spiral CT of the liver, a On the reference scan 
the ROI is placed within the descending aorta for bolus monitoring, b Low-dose monitoring scan 
at 8 s after start of contrast material injection, c At 14 s the contrast bolus reaches the aorta and 
the exceeding of the enhancement threshold triggers scan initiation, d In the arterial phase there 
is enhancement of the hepatic arteries without relevant parenchymal enhancement. Note the in- 
homogeneous enhancement pattern of the spleen 
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Fig. 19.2a, b. a Curve of the aortic enhancement values that are plotted at operator’s monitor dur- 
ing monitoring phase until the threshold level of 60 HU is reached, b List of delay times of the 
monitoring scans and the according increase of the attenuation values 
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Fig. 19.3. The time course of bolus-triggered scan initiation, arterial phase spiral scan, and por- 
tal-venous spiral scan of six patients shows variability of the aortic contrast material transit 
times between 12 and 20 s 



(Fig. 19.2b). Despite the patient’s breathing during the low-dose scans no disloca- 
tions of the ROI out of the aorta occurred. 
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The time relations of bolus-triggered scan initiation, first spiral scan, and sec- 
ond spiral scan for the six patients are demonstrated in Fig. 19.3. The contrast en- 
hancement threshold (60 HU) in the aorta was reached between 12 and 20 s 
(mean 15 s) after the start of contrast material injection. The spiral scans in the 
arterial phase began between 20 and 27 s (mean 22.5 s) with an average delay of 
7.5 s after bolus- triggered scan initiation. The duration of the arterial phase 
spiral scans was between 10.5 and 13.6 s which was determined by the size of the 
liver at the topogram. The arterial spiral scans were completed 31.2-39.6 s after 
initiation of injection. The interval between completion of the first spiral scan 
and start of the portal-venous spiral scan ranged between 15.7 and 18.0 s, result- 
ing in starting times between 48.3 and 58.6 s after beginning of contrast bolus ad- 
ministration. 

In all six patients the contrast enhancement of liver parenchyma during the 
arterial phase spiral scans was still below 20 HU. On all images the spleen pre- 
sented an inhomogenous uptake of contrast material of at least 10 HU, indicating 
imaging of an arterial parenchymal phase. In most cases a slight enhancement of 
the portal vein was seen by contrast material having already passed the spleen. 
This seldom affect the diagnostic value of the arterial phase scan because the 
portal- venous contrast material flow does not yet contribute to parenchymal en- 
hancement. 

In the portal-venous phase three patients reached a minimum enhancement of 
the parenchyma of more than 50 HU, while the three other (one with fatty liver 
degeneration, two with severe liver cirrhosis) presented a mean parenchymal en- 
hancement between only 30 and 40 HU. Intraindividually, however, the parenchy- 
mal enhancement was very constant through the portal-venous scans, showing 
differences in parenchymal density below 10 HU. 




Fig. 19.4a, b. Bolus-triggered biphasic spiral CT of a patient with hepatic adenoma, a In the arte- 
rial phase the tumor is hyperdense to the surrounding liver parenchyma, b In the portal- venous 
phase the tumor is masked presenting an equivalent density to the enhanced liver parenchyma 
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Figure 19.4 gives an illustration of bolus-triggered CT images of a patient with 
a hepatic adenoma, a liver lesion, that is hyperdense in arterial phase and can be 
masked in portal- venous phase. 

For the patient who received a monophasic portal-venous spiral CT Fig. 19.5 
shows the reference scan and the following monitoring scans until the threshold 
of 40 HU is reached. The curve of enhancement and the enhancement values 
that are displayed at the monitor during the tracking phase are illustrated in 
Fig. 19.6. 
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Fig. 19.5a-d. Bolus tracking technique for monophasic portal-venous spiral CT of the liver in a 
patient with liver metastases due to rectal carcinoma, a The ROI for bolus monitoring is placed 
in the liver parenchyma, additional ROIs are set in the aorta and the spleen, b Low-dose scan at 
40 s after start of contrast material administration shows a strongly enhanced aorta and an in- 
homogeneously enhanced spleen, c At 55 s the enhancement threshold of 40 HU is reached in the 
liver parenchyma, triggering automatic scan initiation, d Portal-venous scans show good en- 
hancement of the portal vein and the liver parenchyma demarcating hypodense metastatic le- 
sions 
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Fig. 19.6a, b. a Curve of the enhancement values of liver parenchyma (El), spleen (E3) and 
descending aorta (E2) that are displayed at operator’s monitor until the threshold value of 40 HU 
is exceeded in the liver parenchyma, b Table showing delay times of the monitoring scans after 
start of contrast material injection and according parenchymal enhancement values 



19.5 

Discussion 

19.5.1 

Diphasic Spiral CT of the Liver 

Diphasic spiral CT of the liver is composed of two helical scans of the liver, one in 
the hepatic arterial phase and one in the portal-venous phase. In the arterial 
phase hypervascular lesions can be seen with greatest conspicuity, because de- 
pending on their arterial blood supply they appear hyperdense compared to nor- 
mal liver parenchyma. The normal liver parenchyma receives 70%-80% of its 
blood flow by the portal vein and only 20%-30% by the hepatic artery. For imag- 
ing of hepatocellular carcinoma addition of the arterial phase is considered to 
significantly improve the rate of detection [2, 20, 23]. It has been shown that for 
detection of hypervascular liver metastases the arterial phase adds benefit to a 
small percentage of patients [25]. On the other hand, biphasic spiral CT of the liv- 
er also increases the ability to characterize or differentiate liver lesions, including 
benign liver lesions [14, 21]. 

The technique used for arterial phase CT imaging is of great importance. Doth 
the rate of injection and the determination of timing are critical because the 
arterial phase of the liver lasts for only a brief amount of time [2, 9]. 
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Most of the published investigations of biphasic CT of the liver used injection 
rates of 3.0-6.0 ml/s [1, 3, 15, 24]. In recent years experienced authors have rec- 
ommended at least 4.0 ml/s to achieve a higher tumor conspicuity [2, 18, 21, 22]. 
In our institution we use power injection at a flow of 4.0 ml/s with a 20-gauge an- 
tecubital venous access, which is well tolerated by patients. For this injection pro- 
tocol 120 ml nonionic contrast material (iodine concentration 300 mg/ml) has 
proven sufficient [18]. 

The most important problem in this technique is the timing between contrast 
material injection and beginning the arterial phase scans. In the literature fixed 
time delays are reported ranging from 12 to 35 s after initiation of injection of 
contrast material [9]. Although most authors recommend 20-25 s as optimal de- 
lay to initiate scanning for the arterial phase [2, 18, 22], differences in patient cir- 
culation time can compromise the diagnostic yield. The variability and depen- 
dence of the contrast transit time on heart rate, cardiac impairment, body weight, 
and circulation time has been illustrated [5, 10, 13, 18]. In 120 patients Kopka et 
al. [18] found an arrival time of the applied contrast material (flow 4.0 ml/s) in 
the descending aorta between 7 and 25 s. Funke et al. [10] reported aortic transit 
times between 8 and even 40 s. 

Hepatic arterial phase ends when the parenchyma reaches a contrast enhance- 
ment of 20 HU because the contrast between the arterially enhanced liver lesion 
and the liver parenchyma declines. In a group of 120 patients Kopka et al. [18] 
found this limit to be reached between 28 and 46 s after beginning of injection 
with a flow of 4.0 ml/s. With a contrast material flow of 3.0 ml/s Frederick et al. 
[9] saw an liver enhancement of 20 HU at about 39 ± 6 s after injection in 70 pa- 
tients. This demonstrates that there is only a short time window for placing the 
spiral scan accurately in the arterial phase of the liver. 

In our six patients the technique of bolus tracking achieved optimal timing for 
imaging the hepatic arterial phase. This is in conformity with the results of Kop- 
ka et al. [18], who showed a significantly better timing of the arterial phase than 
in time delay scanning. These authors also examined the mean parenchymal en- 
hancement in the portal-venous phase and found that patients scanned with bo- 
lus tracking technique also had a higher parenchymal enhancement than those 
scanned with fixed time delay scans. In our series the three patients without dif- 
fuse liver disease showed a minimum enhancement of 50 HU. Intraindividual liv- 
er parenchymal enhancement was very constant, indicating that the portal-ve- 
nous spiral scan was performed near peak parenchymal enhancement. 

Obviously, bolus tracking adds additional radiation exposure. With a few low- 
dose scans with 50 mA, however, the added dose is similar to an additional single 
slice with regular dose. Accurate timing can also prevent examinations having to 
be repeated. A different method for measuring the individual time delay is to fol- 
low a small bolus of 10 ml contrast material with sequence slices before the diag- 
nostic scans [5]. 

Oliver et al. [24] have argued that in most patients without circulatory distur- 
bances automated techniques such as bolus tracking are not necessary because 
the lag time from the time of achieved threshold enhancement to scan acquisi- 
tion is too long. We consider this lag time to be necessary for table positioning, 
for breathing commands, and especially for enhancement of hypervascular he- 
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patic structures. Certainly at least half of all patients receive accurate timed ex- 
aminations with a standard delay of 20-25 s, but how can these patients be iden- 
tified in advance? According to Kopka et al. [19] up to 40% of patients receiving 
biphasic spiral CT of the liver can profit from low-dose bolus tracking technique. 

19.5.2 

Monophasic Spiral CT of the Liver 

The appropriate time window of monophasic spiral scanning of the liver has 
been of great controversy. The injection protocols and guidelines for time delay 
change as rapidly as the speed of the scanners increases [6, 8, 12, 26, 29]. Nowa- 
days the best time of monophasic liver CT is considered the portal-venous perfu- 
sion phase at peak of parenchymal enhancement. During this time the contrast 
between hypovascular liver lesions and the normal parenchyma is thought to be 
maximized. In general, a parenchymal density enhancement of at least 40-50 HU 
should be achieved for best assessment of these lesions. Scanning of the liver 
should be completed before onset of the equilibrium phase [1,8]. 

Several studies have shown that peak of hepatic enhancement is elevated with 
increasing volume of contrast material [13, 27]. Using more rapid injection rates, 
peak enhancement of the liver is reached sooner, but this does not affect maxi- 
mum values of parenchymal enhancement significantly [1 1, 29]. This means that 
if a fixed volume of contrast material is used, the optimal delay of the portal-ve- 
nous scanning depends on the injection rate. 

Reported delay times ranged from 50 to 70 s between the beginning of injec- 
tion and the beginning of scanning. Some authors recommend injection proto- 
cols with two different flow rates [12]. It has been realized that peak hepatic en- 
hancement takes place about 25-32 s after the end of contrast material injection 
irrespective of the injection rate and the volume [16, 29]. A contrast material de- 
livery nomogram for hepatic spiral CT has been established [29]. Still there is a 
variability of hepatic enhancement due to patient-related factors. As shown in 
our example, bolus tracking technique can be used to optimize liver enhance- 
ment during portal- venous phase scanning [17, 27]. 

Studies comparing this technique with constant time delay show significantly 
higher mean parenchymal enhancement with bolus tracking [17, 28]. It has been 
demonstrated that with a flow of 4.0 ml/s and 100 ml contrast material 100% of 
patients exceed 40 HU for mean parenchymal enhancement, compared to only 
70% of patients with a fixed scanning delay of 40 s [17]. With a flow of 3.0 ml/s 
and 150 ml contrast material the liver attenuation of 100% of patients was more 
than 50 HU above baseline [28]. This study found that mean parenchymal en- 
hancement using 125 ml contrast material and bolus tracking technique is com- 
parable to the mean enhancement with 150 ml and fixed time delay of 60 s. This 
shows that for equivalent hepatic enhancement the automated bolus tracking 
technique can help to reduce contrast material load. 

A problem that can occur is that the ROI becomes dislocated during the pro- 
cess of bolus monitoring due to patient motion. Therefore the appropriate level 
for monitoring must be chosen, as noted above. The position of the ROI, howev- 
er, can be controlled visually at the operator’s monitor, and diagnostic scanning 
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can be started manually by the visual impression of enhancement if necessary. In 
very few patients, for instance, those with cirrhosis, fatty changes, or extensive 
metastases that would compromise blood flow of the portal vein, the initiation 
threshold may not be reached during the portal perfusion phase of the contrast 
material. For this reason a certain default time (for example, 70 s with a flow of 
3.0 ml/s) should be determined to prevent any prolonged delays in scanning [28]. 

19.6 

Conclusion 

The use of automatic bolus tracking technique to individualize the delay between 
injection of contrast material and initiation of the diagnostic scans has proven to 
be advantageous in hepatic spiral CT. It is useful to optimize timing for the short 
arterial perfusion phase of the liver and leads to a higher and more consistent 
mean parenchymal enhancement in the portal-venous phase. For an equal de- 
gree of hepatic enhancement the volume of contrast material can be reduced 
compared to examinations with fixed time delays. We expect that this bolus 
tracking technique could be equally effective in dynamic studies of other paren- 
chymal organs and in CT angiography. 
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20 Dual-Phase Spiral CT of Pancreatic Neoplasms 

R. B. Jeffrey 



20.1 

Introduction 

Biphasic spiral CT of the pancreas is an extremely valuable technique for diag- 
nosing and staging patients with suspected pancreatic carcinoma [1-7]. During 
the arterial phase of the injection the normal pancreatic parenchyma enhances 
intensely. This improves the conspicuity of hypo attenuating lesions such as aden- 
ocarcinoma. The arterial phase is also excellent for identifying vascular lesions 
such as neuroendocrine tumors and arterial encasement. The portal venous 
phase, however, is essential for a complete assessment of resectability for pan- 
creatic carcinoma as hepatic metastasis are often best demonstrated during this 
portion of the injection. In addition, splenic vein occlusion and the development 
of perisplenic varices are optimally imaged during the venous phase. 

20.2 

Technique 

Initial noncontrast scans of the pancreas are obtained using 5- to 10-mm slice 
collimation during a breathhold to localize the superior and inferior extent of the 
pancreatic parenchyma. A 20-gauge angiocath is inserted into an antecubital 
vein. Nonionic (150 ml) contrast is injected at a rate of 5 ml/s. Arterial phase im- 
ages are obtained after 25-s delay. Scanning is initiated with a breathheld tech- 
nique through the pancreas using a 3-mm collimation and a pitch of 1.5. The ar- 
terial phase images are reconstructed every 2 mm and a separate set of images 
are photographed with a 20-cm field of view to evaluate for subtle vascular ab- 
normalities. 

Following the completion of the arterial phase images the patient is then repo- 
sitioned and instructed to take multiple deep breaths prior to beginning the por- 
tal venous phase scan. The liver is scanned at a 5-mm collimation using a pitch of 
1.5 to encompass the entire liver. The images are reconstructed every 5 mm. 

20.3 

Evaluation of Pancreatic Carcinoma 

The main indication for biphasic spiral CT of the pancreas is to diagnose and 
stage patients with suspected pancreatic carcinoma (Figs. 20.1-20.4). These pa- 
tients often present with jaundice and have a pancreatic mass detected first on 
ultrasonography. In other patients the referring clinician may have a very high 
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Fig. 20.1. Arterial phase 
image of pancreatic carci- 
noma. Note the sharp de- 
marcation between the 
hypodense tumor and the 
normal pancreas (arrow, 
pancreatic carcinoma). 
The tumor extends poste- 
riorly to involve the ab- 
dominal aorta and encas- 
es the origin of the inferi- 
or mesenteric artery 
{curved arrow) 




Fig. 20.2. Arterial phase 
image demonstrating ar- 
terid encasement. Note 
the clearly defined hypo- 
dense tumor of the unci- 
nate process carcinoma 
(arrow) with invasion of 
the root of the mesentery 
and encasement of the 
superior mesentery artery 
(open arrow) 




suspicion for pancreatic carcinoma based on clinical or laboratory findings and 
may proceed directly to biphasic spiral CT. Because our institution is a referral 
center, outside scans performed during only the portal venous phase are not in- 
frequently felt inadequate for local staging of pancreatic carcinoma and the ex- 
amination is repeated for that reason (Figs. 20.5, 20.6). 

The normal pancreatic parenchyma enhances intensely during the arterial 
phase when a high-volume contrast injection (5 ml/s) is utilized. Hollett et al. 
noted that the mean pancreatic enhancement during the arterial phase was 
82 HU and only 62 HU during the portal venous phase [1]. This represents a 
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Fig. 20.3. Arterial phase 
image demonstrating ar- 
terid encasement. Note 
the hypodense tumor 
arising from the tail of the 
pancreas invading the 
perirenal space and en- 
casing the left renal artery 
{open arrow) 




Fig. 20.4. Arterial encase- 
ment of splenic artery. 
Note hypodense tail of 
pancreas tumor invading 
the perirenal space and 
encasing the splenic 
artery (arrow, splenic 
artery) 




highly significant difference as there is nearly a 25% diminution in the pancreat- 
ic parenchymal enhancement during the portal venous phase. The avid enhance- 
ment of the normal pancreas helps to increase the conspicuity of ductal adeno- 
carcinoma due to its hypovascular nature. Lu et al. evaluated dual-phase spiral CT 
for pancreatic tumors and found that the contrast differences between adenocar- 
cinoma and normal pancreas was significantly greater during the early arterial 
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Fig. 20.5a, b. Gastrointesti- 
nal invasion of pancreatic 
carcinoma, a Note invasion 
of medial wall of duode- 
num (arrow), b Note inva- 
sion of posterior wall to 
stomach (arrow) 




phase images than in the later portal venous phase of enhancement [2] . In our ex- 
perience, not only are small ductal adenocarcinomas identified with greater con- 
fidence on arterial phase images, but subtle alterations in the dimension of the 
main pancreatic duct are also better appreciated using thin collimation (3 mm/s) 
and rapid injection arterial phase images. 

One important clue to an underlying pancreatic parenchymal mass is the 
“interrupted duct sign.” In some lesions of the body and tail of the pancreas this 
maybe the most conspicuous feature of an underlying pancreatic carcinoma. Dil- 
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Fig. 20.6. Perivascular in- 
filtration due to pancrea- 
titis, not tumor. Following 
ERCP, note perivascular 
soft tissue infiltration sur- 
rounding gastroduodenal 
artery (arrow). This was 
due to recent ERCP and 
not tumor 




atation and discontinuity of the pancreatic duct should always raise the possibil- 
ity of pancreatic mass rather than chronic pancreatitis. Chronic pancreatitis 
should only be diagnosed with confidence if there is dilatation of the pancreatic 
duct throughout the entire pancreas with visualization of intraductal calculi. 

In addition to improving detection of the primary pancreatic lesion, arterial 
phase images are of considerable value in assessing for resectability. Arterial en- 
casement of the splanchnic vasculature is an unequivocal sign indicating unre- 
sectability. Subtle soft tissue thickening and “cloaking” of the splenic, hepatic, ce- 
liac or superior mesenteric arteries is often the major finding indicative of an un- 
resectable lesion. Dense opacification of the celiac axis and splanchnic vascula- 
ture greatly facilitates diagnosis of subtle vascular encasement. Tumor infiltra- 
tion around very tiny mesenteric vessels, such as branches of the jejunal arteries 
may also be diagnosed with this technique. 

Although portal venous phase images are essential for detection of metastatic 
lesions from pancreatic carcinoma, arterial phase images may be of value in im- 
proving the specificity of hepatic metastases by demonstrating peripheral rim 
enhancement around the lesion. Often small (less than 1.5 cm) hypodense lesions 
seen on the portal venous phase are nonspecific and, particularly when necrotic, 
may mimic benign hepatic cysts. The demonstration of peripheral enhancement 
around the hypodense lesion is strongly correlated with underlying malignancy 
in the absence of clinical signs suggesting an abscess. Hepatic cysts do not dem- 
onstrate this peripheral rim enhancement. 

Arterial phase images of the pancreas may also greatly aid in the diagnosis of 
hypervascular pancreatic neoplasms such as neuroendocrine tumors and hyper- 
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vascular pancreatic metastasis (chiefly renal cell carcinoma and sarcomas). Al- 
though most functioning islet cell tumors are clinically discovered due to labora- 
tory abnormalities and specific symptoms, many nonfunctioning islet cell tu- 
mors present with only vague symptoms due to mass effect. The prognosis of 
most neuroendocrine tumors of the pancreas is significantly better than ductal 
adenocarcinoma; therefore an attempt should be made to resect the lesion when- 
ever possible. Our current evaluation for both functioning and nonfunctioning 
islet cell tumors is to perform biphasic spiral CT of the pancreas followed by care- 
ful intraoperative sonography. Selective angiography and venous sampling are 
no longer part of the diagnostic work up. In patients who are not able to receive 
intravenous contrast, MRI, particularly using fat-suppressed T1 -weighted images 
and gadolinium-enhanced gradient recalled images are also of clear value in 
identifying these small tumors. 
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21 Contribution of Fast and Spiral CT 

to Diagnostic Punctures of Abdominal Lesions 

J. DE Mey, B. Op de Beeck, M. Osteaux 



21.1 

Introduction 

The breakthrough in using computed tomography (CT) to guide diagnostic 
puncture occurred in the 1980s, with the development of body CT. Further 
progress continues to made in CT-guided diagnostic puncture as a result of re- 
cent technological advances (fast scan, spiral scan, CT-scopy), new puncture ma- 
terial, and the development of less aggressive surgical techniques. 

21.2 

Material 

Fine-Needle Aspiration. The advantage of this technique is the diameter of the 
needle (up to 29 G), which provides safe passage to all tissues without important 
complications. New cytological techniques permit a more accurate diagnosis. 
This technique is used mainly in the echographically guided thyroid and breast 
puncture. For abdominal pathology the results of fine-needle aspirations are less 
satisfactory than real tissue biopsy needles [1-3]. 

The Hybrid Needles. These needles also have a reduced diameter. In most cases 
cytological examination is possible only on the collected material. For this reason 
real tissue biopsy needles often replace these needles. 

Tissue Biopsy Needles 

- Side-notch biopsy, manual or automatic: The advantage of these is to provide 
a real tissue cylinder so that the pathologist can perform a histological exam- 
ination. A diameter of up to 21 G [2, 3] yields excellent diagnostic results. Au- 
tomatic needles are much easier to use than manual ones. A larger notch can 
provide more tissue; however, needles with a large notch have reduced stabil- 
ity, particularly when the diameter is under 18 G, so that one can obtain zero 
biopsies in soft tissue. 

- Side-notch biopsy gun: The tissue cylinder is usually of better quality than that 
provided by automatic or manual biopsy. However, this needle has the disad- 
vantages of requiring sterilization and of a difficult use of the gantry due to its 
weight and dimensions. 

- Biopsy gun end notch: This system seems the perfect combination between the 
fine-needle aspiration and real tissue biopsy. However, tests with this material 
have shown many zero biopsies [4]. 
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Bone Biopsy. Bone biopsy consists of two techniques. The first is the technique 
used to obtain cortical bone; specific bone biopsy needles are used. Secondly, we 
can (through this bone biopsy needles) perform a soft tissue biopsy of interos- 
seous material with a simple side-notch biopsy needle coaxial. 

Coaxial Puncture. This technique is somewhat more complex. One must use two 
separate needles; however, this ensures that tract metastasis is avoided. Multiple 
biopsies can also be performed more easily in the same region [5, 6]. 

21.3 

Technique 

21.3.1 

Puncture Tract 

Tissues to avoid are veins with a large diameter, the choledocus, the Wirsung 
duct, and the urether. Other structures can be passed throughout with smaller 
needle diameter - the aorta, pulmonary tissue, stomach, small intestine, and co- 
lon. Organic tissue such as liver, spleen, and kidneys can be passed throughout 
with a moderate risk. In looking for a tract to perform the puncture we prefer to 
have a safe passage, which means only through muscle, fat tissue, or fibrotic tis- 
sue. 

21.3.2 

The Puncture 

Localization. First the patient is laid in a stable position, which should not be 
changed during the entire intervention. The next step is to scan the patient and 
look for a safe passage throughout the lesion. In this way spiral CT can be useful 
if a safe passage is to be executed in a plane other than the axial one. We look pref- 
erentially for a safe passage in the axial plane or in the plane of the gantry with 
gantry tilt. An angle of 90° or 180 ° is preferred for easy puncture; certainly when 
fast scanning, spiral CT or CT-scopy is not possible. Some surgeons use a small 
metal grid [14] as skin marker; however a simple metal marker (e.g., paperclip) is 
also convenient. 

Anesthetics and Preparation. After disinfecting the region, local anesthetic can 
be administered with xylocaine 2%, using a 5-cm 21 G intramuscular needle. 
Larger lumbar puncture needles can also be used if necessary. Control CT with 
the small needle in place is recommended, resulting in a good image of the nee- 
dle tract and the lesion. 

Puncture and Biopsy. Needle depth can be calculated on the scan. Some needles 
have centimeter markers to help in guaging needle depth. Other needles are pro- 
vided with a plastic marker. Alternatively, one can merely mark the needle with 
an alcohol pen. Biopsy must be taken in a nonnecrotic part of the mass. Tissue bi- 
opsy can be transported in Bouin (for anatomopathology); in physiological ser- 
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um (for lymphoma suspicion) we can also transport the tissue in the needle itself 
for microbiological examinations. 

With the new scan techniques there are the following workout: 

Outside of the Gantry. Scanning can be performed, and on the scan images we can 
mark the tract and measure the depth and the angle. When the patient is outside 
the gantry, puncture can be carried out from the skin in the calculated depth with 
the calculated angle. This method has several disadvantages. First, we are work- 
ing with a patient who is breathing and moving. The lesion can be displaced. Al- 
so, when we insert the needle, some lesions are very fibrotic and can be pushed 
away by the needle. The method without needle control in the gantry is certainly 
not first choice. 

Mixed Method. Procedure inside and outside the gantry. The needle can be ma- 
nipulated when the patient is outside the gantry. After the needle is placed, scan 
controls can be carried out to determined whether it is in the correct position. 
Spiral control is sometimes more accurate for an exact needle tip localization [7]. 
Manipulating the needle outside the gantry has the advantage that the operator 
can work in a comfortable position. Operations in the gantry are often more dif- 
ficult and require a skilled operator. 

Puncture in the Gantry. This method is used mainly when CT-scopy is possible. It 
is the most accurate method for smaller lesions. When possible, CT-scopy should 
be used when the puncture is performed in a plane other than the axial one. To 
minimize irradiation on the surgeon’s hand CT-scopy can be be stopped occa- 
sionally during needle manipulations. When working in the gantry, it is not nec- 
essary to measure the depth or the angle. Without CT-scopy, gantry tilt and work- 
ing in the gantry plane following the laser beam can be the solution to obtaining 
more accurate nonaxial punctures. 

21.4 

Complications 

Bleeding. A small hematoma can be seen along the tract and depend on the size 
of the needle. However, this is rare when the procedure is followed accurately, and 
a good tract is chosen. If possible, for liver and spleen punctures passage should 
be through healthy organic tissue and thus avoid a subcapsullar bleeding. 

Pneumothorax. There is always the possibility of a pneumothorax. However, pas- 
sage through 1 cm of the costodiaphragmatic sinus can be performed without 
high risk [8] for liver biopsies. 

Pancreatitis. Pancreatitis is a normal complication when carrying out a puncture 
of the pancreas,. However, this is often limited; the risk is greater when the needle 
diameter is above 18 G. 



Peritonitis, Fistulisation, Tract Metastasis. The risk of major complications is 
very low, even after passage of bowel with needle not higher than 18 G. 
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21.5 

Conclusion 

Recent developments in CT have had an important impact on today’s procedures 
of diagnostic punctures. Ten years ago a well-marked place on the patient’s skin 
and angle and depth measurements were the most important features in per- 
forming diagnostic punctures on CT. With today’s new techniques we can start a 
puncture very quickly while the patient is in the gantry. During the procedure the 
depth and angle can be changed while the needle is placed under CT guidance. In 
this way a biopsy of smaller lesions can be easily performed in more difficult re- 
gions. A spiral acquisition improves the choice of the tract in planes other than 
the axial and improves visualization of the needle tip. Based on the spiral acqui- 
sition, angle measurements can be executed on the reconstruction maps. CT-sco- 
py certainly has many advantages for smaller lesions; however, the image does 
not have the same resolution as the scan one, and manipulation of the needle in 
the gantry is more difficult for nonskilled radiologists. 
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22 Spiral CT of the Musculoskeletal System 
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22.1 

Introduction 

Although the role of computed tomography (CT) as a primary study for the eval- 
uation of musculoskeletal pathology diminished with the advent of clinical mag- 
netic resonance imaging (MRI), the recent developments in spiral CT has again 
increased the interest in these applications [1-4]. This is in great part related to 
the capabilities of spiral CT to rapidly scan patients with optimization of the de- 
livery of contrast and data acquisition and to create volume data sets which can 
be used for highly detailed three-dimensional (3D) reconstructions. The impact 
of 3D imaging is felt especially in orthopedic applications, where clinical decision 
making is complex and treatment options vary. 

The role of CT in evaluation of the musculoskeletal system can be divided into 
trauma, infection/inflammatory disease, oncologic applications, and miscellane- 
ous conditions. The two most common applications in our clinical practice are 
trauma and inflammatory disease [5-8]. Trauma imaging, not surprisingly, is 
closely tied to multiplanar and 3D imaging. The number of cases with inflamma- 
tory/infectious disease is because our population is heavily weighted toward im- 
munosuppressed patients, whether due to bone marrow transplants or AIDS. 

The advent of spiral CT is making substantial changes in our referring 
physicians’ selection of radiologic examinations. In the musculoskeletal system 
the importance of a rapid diagnosis as well as a complete understanding and def- 
inition of extent of disease is something that spiral CT can routinely provide. Spi- 
ral CT can also provide this information in a very cost-effective manner in even 
the most uncooperative patients. The information obtained through CT is classi- 
cally a critical part of patient management decisions. 

22.2 

Clinical Applications 

22.2.1 

Trauma 

Regardless of the anatomic area of involvement, be it the acetabulum, pelvis or 
wrist, CT plays a major role in patient diagnosis, triage and management [9-12]. 
The role of CT can typically be divided into cases in which on plain film evalua- 
tion the presence of a fracture is somewhat in doubt, and those cases in which the 
diagnosis is made, but CT is performed to better define the extent of injury to 
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help plan surgery or decide between surgery and a more conservative manage- 
ment. The uncertainty on plain radiography could be because of poor position- 
ing of the patient, indeterminate radiographs, or disagreement between the 
patient’s symptoms and the radiographic findings. In these cases CT can be per- 
formed to determine whether there is indeed a fracture. 

When performing musculoskeletal CT it is important to optimize the techni- 
cal aspects of the examination (Table 22.1). We routinely use spiral CT with nar- 
row collimation in the 2- to 3 -mm range, although this varies depending on the 
body part studied. The reconstruction interval is typically 3 mm but can be 
1 mm, particularly in areas such as the wrist, where thin-section and narrow-in- 
cremental reconstruction is mandatory. One of the obvious advantages of volume 
data sets with spiral CT is the creation of additional scans without additional ra- 
diation exposure to the patient. 

When evaluating musculoskeletal trauma we have found that reconstruction 
of images with the bone or high-resolution algorithm is most valuable. This algo- 
rithm varies from scanner to scanner as well as between scanners from the same 
manufacturer. It is important that one become familiar with his own system and 
choose the bone reconstruction algorithm that works best for him. The technical 
support staff of the equipment vendor should provide the parameters that are 
available and from these one can select that which is most appropriate. 

Although in most cases intravenous contrast is not necessary when evaluating 
bony trauma, there are situations in which it can become extremely important. 
For example, in pelvic trauma if vascular injury is suspected, a spiral CT using CT 
angiographic technique would be ideal. In this process we can evaluate the lower 
abdominal aorta, iliac vessels, and their branches as well as the bony pelvis in a 
single examination. Similarly, in patients with sternal or sternoclavicular joint in- 
jury it is important to not only evaluate the bony structures to define the extent 
of fracture and dislocation but also to obtain a vascular study to exclude injury to 



Table 22.1. Parameters of spiral CT by application 



Skeletal trauma Acetabulum and Muscle infection, 

with 3D imaging hip joint (trauma) abscess 



Scan parameters 
kVp 
mAs 
s 

Phase of respiration 

Slice thickness 
Pitch 

Spiral exposure time 
Reconstruction interval 
Superior extent 

Inferior extent 

IV contrast 



120 

280 

0.75 

Patient must 

remain motionless 

3 mm 

1-1.5 

30-40 s 

2 mm 

2 cm above area 
in question 
2 cm below area 
in question 
Use depends on 
clinical situation 



120 

280 

0.75 

Inspiration or 
shallow breathing 
3 mm 
1-1.5 

Usually around 30 s 
2 mm 

Mid-bony pelvis 

Inferior aspect of 
symphysis pubis 
None unless CT 
angiogram is needed 



120 

280 

0.75 

Suspended 
respiration 
5 mm 

1- 1.5 
30-40 s 
3-5 mm 

2- 4 cm above 
suspected lesion 
2-4 cm below 
suspected lesion 
120 ml Omnipaque- 
350 
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the aorta or great vessels. One of the advantages of this combined study tech- 
nique is that in many cases angiography can be avoided. 

In choosing the specific scan parameters for a anatomic area several variables 
must be considered. The first is the area or volume that needs to be covered. For 
scanning the wrist narrow coUimation in the range of 2 mm can be used with 
data reconstructions at 1-mm intervals. The pitch can be in a range of 1-1.5. If, 
however, we need to scan a larger area such as the femur or an area from the knee 
to the ankle, we must make several compromises. In some cases we can use nar- 
row coUimation such as 3 mm but increase the pitch to 2 and cover a reasonable 
distance with the newer subsecond scanners. In other cases wider slice collima- 
tion of 5 mm can be performed in order to cover a longer distance. Initially our 
experience was somewhat disappointing with using higher pitch in musculoskel- 
etal imaging. Images were not very sharp, were very noisy, and were generally un- 
satisfactory. With our newest Plus 4 scanners and their higher mAs settings as 
well as new bone reconstruction filters this problem has apparently been re- 
solved. 

An important aspect of musculoskeletal trauma imaging is the use of refor- 
mated images. These typically are categorized as multiplanar reconstruction 
(MPR) and 3D imaging. MPR is the reformating of data typically along the sagit- 
tal and coronal plane, although any off-axis can also be obtained. This is available 
on all scanners and typically takes several seconds to several minutes to perform. 
The advantage of spiral CT with MPR is that it is cost-effective and provides the 
clinician with images in any plane or perspective chosen. This is particularly 
valuable in supplementing the information provided by routine transaxial CT 
images. 

The second process revolves around 3D imaging. Much has been written about 
the various techniques used for 3D imaging, including volume-rendering tech- 
nique, shaded-surface technique, and maximum intensity projection [13-16]. Ex- 
cept for those cases with secondary vascular imaging the key reconstruction al- 
gorithms used in musculoskeletal imaging are shaded-surface display and vol- 
ume rendering. We exclusively use volume rendering as implemented on the Sie- 
mens 3D Virtuoso (Figs. 22.1, 22.2, 22.3). 

Our experience over the past dozen or so years is that 3D reconstructions are 
especially valuable to the referring physician in understanding the “personality of 
the injury.” Orthopedic surgeons are advocates of this technique and find that it 
provides information that simple transaxial images do not. It is our feeling that 
the best way of looking at 3D imaging is interactively in “real-time” on a worksta- 
tion (Silicon Graphics Infinite Reality or 02), and we have found this to be help- 
ful in clinical practice. 

22.2.2 

Musculoskeletal Inflammation 

With the ever-increasing numbers of immunosuppressed patients, be it due to 
bone marrow transplant, high-dose steroid patients for treatment of renal dis- 
ease, or AIDS patients, increasing numbers of patients present with possible mus- 
culoskeletal infection [17]. Our experience has been that spiral CT is a rapid and 
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Fig. 22.1a,b. Acetabular 
fracture. 3D volumetric re- 
construction demonstrates 
left acetabular fracture 
with displacement of pos- 
terior acetabular compo- 
nent requiring a posterior 
approach for repair 




accurate technique for evaluating suspected or known musculoskeletal infection. 
The key advantages in these cases are related to the ability for timed contrast de- 
livery and data acquisition, which helps accentuate the difference between nor- 
mal and abnormal structures such as in muscle (Fig. 22.4; Table 22.1). 

In cases when IV contrast is not used, but substantial inflammation is present 
we can still usually detect the pathologic process. However, information regard- 
ing extent of inflammation and level of involvement may be suboptimal. With 
intravenous contrast we find that the normal musculature enhances up to 
50-70 HU, making detection of pathology easier. Our protocols for contrast-en- 
hanced studies require injection of 120 ml Omnipaque-350 (Nycomed, Prince- 
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Fig. 22.2A, B. Fracture of acetabulum and symphysis pubis. Select views demonstrate how com- 
plex injuries can be viewed from any plane or perspective using 3D volume rendering 
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Fig. 22.3. Intra-articular fragment in left hip joint. The patient had persistent pain following 
fracture dislocation of left hip with reduction. Arrow, 3-mm bone fragment is seen in the left hip 
joint 



ton, NJ) and data acquisition beginning at 30-40 s after initiation of injection of 
contrast (Table 22.1). We have found this to be ideal time to optimize differentia- 
tion between normal and abnormal muscle. It should be noted that one of the po- 
tential limitations at least from a theoretical perspective is that enhancing muscle 
abscesses and tumors can closely resemble one another. However, in most cases 
the clinical history is obviously different, and the case is typically not proble- 
matic. 



Fig. 22.4. Intramuscular 
abscess. Spiral CT demon- 
strates a low-density le- 
sion with rim enhance- 
ment compatible with an 
intramuscular abscess 
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Fig. 22.5. Osteomyelitis thoracic spine with paraspinal abscess. Axial view demonstrates de- 
struction of the thoracic vertebral body with a paraspinal abscess 



When evaluating muscle inflammation, it is also important to review bone 
windows through the scan volume (Fig. 22.5). Often bony involvement is a pri- 
mary source of an inflammatory process; it may also become involved secondar- 
ily. This is particularly true of infection in the chest wall (especially around the 
sternoclavicular joint) and the sacrum. To save time and filming costs images can 
be reviewed in cine mode on a workstation. 

In the evaluation of musculoskeletal infectfon we typically reconstruct the 
data with a standard algorithm. The high-resolution algorithm or bone algo- 
rithms create substantial noise, which is suboptimal for viewing the soft tissues. 
In cases in which high-resolution images of bone are desired, reconstruction of 
the data with both algorithms is ideal. 

In most cases of musculoskeletal inflammation 3D or multiplanar imaging is 
not needed. However, in select cases it maybe very valuable, particularly in deter- 
mining the extent of inflammation, which may be helpful to the surgeon in pre- 
operative planning. This is especially true in processes that involve bone such as 
osteomyelitis of the spine or other complex anatomic zones such as the sacroiliac 
joint or hip joint. 

22.2.3 

Musculoskeletal Tumors 



Although MRI is the accepted study of choice for musculoskeletal tumors, the re- 
cent Radiology Diagnostic Oncology Group report showed no statistical differ- 
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Fig. 22.6a, b. Lytic metastases to bone. Spiral CT with 3D reconstruction demonstrate a lytic le- 
sion in the right acetabulum weU defined on the 3D views. The 3D views can be used for radia- 
tion therapy planning 



ence in staging between CT and MRI in the evaluation of musculoskeletal tumors 
[18]. We have always found CT to be valuable in looking at soft tissue masses, par- 
ticularly by determining attenuation values [ 19] . With CT it is very easy to deter- 
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mine whether a lesion is a lipoma, and whether it is hemorrhagic. Similarly, in 
looking at bony tumors CT can clearly detect and define the presence and type of 
matrix present (Fig. 22.5). The extent of tumor can be well documented with CT, 
and as noted there is little difference statistically between it and MRI. 

One of the most common oncologic uses for CT is as a problem-solving tool in 
cases where there is suspected bony metastasis and discordance between clinical 
examination, radiographs, and bone scans. In these cases focused high-resolu- 
tion CT can be carried out to determine whether there is any bony involvement. 
In these cases thin collimation with narrow interscan spacing is very valuable. We 
also find that MPR and 3D imaging is very valuable when lesions involve areas 
near a joint space, and one is trying to determine whether the patient is in danger 
of pathologic fracture (Fig. 22.6). MPR is very valuable in the sagittal plane when 
looking at the acetabulum and lumbar spine and in determining the extent of pa- 
thology in these regions. 

The role of CT in the evaluation of primary musculoskeletal tumors varies 
from institution to institution. CT is excellent at defining the presence and type 
of matrix (Fig. 22.7) within a lesion as well as determining the extent of bony de- 
struction. IV contrast and spiral CT provide a good assessment of tumor involve- 
ment in soft tissue. However, MRI does appear to be superior because of its direct 
multiplanar capabilities. 

One interesting finding related to spiral CT is the frequency of incidental de- 
tection of musculoskeletal metastasis (Fig. 22.8). We have seen many cases of me- 
tastasis to muscle presenting as hypervascular lesions ranging in size from 5 to 




Fig. 22.7. Osteochondroma of the right scapula. Spiral CT demonstrates an osteochondroma 
arising from the right scapula. No evidence of malignant degeneration of the lesion is seen 
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Fig. 22.8. Metastatic lung cancer to paraspinal muscle. The patient presented with acute abdom- 
inal pain which clinically was thought to be abdominal aortic aneurysm. Spiral CT was per- 
formed which demonstrated an enhancing mass (arrow) in the paraspinal muscles which was 
subsequently proven to be metastatic lung cancer 



20 mm. In most cases the patients have not been symptomatic due to these le- 
sions. The common tumors in which we have found this to occur have been lung 
cancer, renal cancer, and lymphoma. 

22.3 

Conclusion 

Spiral CT provides unique opportunities for imaging the musculoskeletal system 
by providing the capabilities of high-quality volume data sets and the optimal 
ability for time contrast infusion and data acquisition. The continued develop- 
ment of 3D imaging and multidimensional displays provide substantial advan- 
tages in musculoskeletal imaging. With the continued development of both CT 
technology and computer software the role of CT in musculoskeletal imaging will 
continue to expand in the near future. 
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23 Spiral CT: How New Technology Has Improved 
Scanner Utilization and Productivity 

M.E. Baker 



23.1 

Introduction 

Over the past 15-20 years medical equipment manufacturers have consistently 
promised that technological improvements in their machines would not only en- 
hance disease detection but would also improve patient examination throughput 
and technologist’s efficiency. The dramatic improvements in CT technology over 
the years serve as an example of these promises fulfilled. Although one could 
argue that quantitative data is absent for confirmation, all of the improvements in 
CT since the days of the slow, first-generation scanners have in fact improved 
both diagnostic accuracy and scanner efficiency. 

However, as improvements in CT have become increasingly less dramatic, it 
may be more difficult to document true gains. It is very difficult to demonstrate 
improvements in cost-effectiveness with any new features on CT, especially as it 
relates to disease detection. Nonetheless, if we believe that improvements provide 
us true advantages, we must quantify the promised improvements in order to 
justify their acquisition. With spiral examinations of the liver retrospective re- 
construction using narrower z-axis intervals detects more, smaller lesions. How- 
ever, it remains to be seen whether detecting smaller lesions in fact alters patient 
management, as confirming that these lesions represent tumor is often impos- 
sible. 

Spirally acquired images, however, produce higher quality postpro cessed mul- 
tiplanar, and 3-D images than discrete or sequential images. Further, using spiral 
technique, higher intravascular contrast enhancement is possible over more ex- 
tended z-axis. If one chooses to replace standard diagnostic angiography with CT 
angiography (CTA), acquiring spiral technology clearly leads to savings in costs. 
Cost cutting therefore is another method of justifying new technology acquisi- 
tion. 

In the past 3 years my Division Chairman has constantly challenged me to 
show how new technology is advantageous. Anecdotal promises of improved im- 
age quality or diagnostic accuracy are insufficient evidence to convince him to 
acquire new technology. Therefore I have chosen to measure improvements in 
scanner and technologist efficiency with new technology and to use this quanti- 
tative data to justify new product acquisition. 

The purpose of this chapter is show how we can measure improved scanner 
productivity and efficiency. I demonstrate how a change from the Siemens Plus 
Classic CT platform (used both in nonspiral and spiral modes) with gas detectors 
to an all Plus 4 CT platform dramatically changed the way in which CT is per- 
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formed at the Cleveland Clinic Foundation (CCF) over the years 1994-1997. In 
mid- 1994 we had three CT scanners (all Somatom Plus Classic platforms). Cur- 
rently we have five CT scanners (four in the main department, all of which are 
Plus 4 devices, (one of which has the solid detector with rapid reconstruction, one 
rapid reconstruction with CT fluoroscopy, and two the Plus 4 level only). I present 
the following information: 

- Three-year historical data documenting the changes in total number of exam- 
inations and the resultant effect on technologist staffing. 

- Prospective data recently published in the American Journal of Roentgenol 
documenting the real time savings in examinations when moving from the 
Plus Classic platform to the Plus 4 platform. 

- Noncontrolled historical data documenting the decreased room time for inter- 
vention when using CARE Vision CT fluoroscopy vis-a-vis room time using 
standard CT technique for interventions. To date our prospective study has not 
enrolled sufficient patients to be meaningful. 

- Noncontrolled data showing the improved room time for examinations for the 
Plus 4 with solid detector and rapid reconstruction vis-a-vis the Plus 4 without 
the above improvements (data which convinced our Division Chairman, and 
then the Capital Equipment Committee, that adding these two improvements 
to our preexisting Plus 4 machines without these options was in the best inter- 
est of patient throughput). 

23.2 

Historical Data 

In 1993 at CCF there were the following CT scanners: 

- Somatom Plus (installed 1988) 

- Somatom Plus Classic ( X 2) (installed 1992 and 1993) 

- Total 1993 examinations = 25,550 

In 1994 at CCF there were the following CT scanners: 

- Somatom Plus 

- Somatom Plus Classic ( X 2) 

- Somatom AR HP (installed Nov. 1994) 

- Somatom Plus Classic 4 (Installed Nov. 1994) 

- Total 1994 examinations = 29,083 

In 1995 at CCF there were the following CT scanners: 

- Somatom Plus (replaced by Somatom Plus 4, Oct. 1995) 

- Somatom Plus Classic ( X 2) 

- Somatom AR HP 

- Somatom Plus 4 

- Total 1995 examinations = 29,881 

In 1996 at CCF there were the following CT scanners: 

- Somatom Plus 4 (installed Apr. 1996; replaced Somatom Plus Classic) 

- Somatom Plus 4 (installed Oct. 1996; replaced Somatom Plus Classic) 

- Somatom Plus 4 ( X 2) 

- Somatom AR HP 

- Total 1996 examinations = 32,569 
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In 1997 there were the following CT scanners: 

- Somatom Plus 4 ( X 4) 

- Two machines without solid detector or rapid reconstruction (used 2 
shifts/day with 2 RTs per scanner during 1 first shift) 

- One machine without the solid detector but with rapid reconstruction (used 
primarily for interventions 4/8 h 1 first shift and then used occasionally for 
any examination during second shift) 

- One machine with both the solid detector and rapid reconstruction (used on- 
ly first shift with only one technologist) 

- Somatom AR HP 

- Total 1997 examinations = 41,601 (estimated) 

While the overall number of our examinations has dramatically increased since 
the introduction of the Plus 4 systems (63% from 1993), the most significant in- 
crease has been in body examinations (abdomen and/or pelvis), which are scan- 
ner intensive (120-150 image examinations). In 1995, 14,811 examations were 
performed whereas in 1997, 19,682 were performed. 

In terms of the impact on scheduling, in 1995 we scanned an average of 15 out- 
patients Saturdays and 10 Sundays. We performed these examinations because 
our Monday through Friday schedule could not accommodate the needs of our 
medical center. Most of these patients would have preferred to have their scans 
during the week, on the same day as their clinic appointment. Soon after install- 
ing two Plus 4 scanners the total number of outpatients scanned on either day 
dropped to one or two (performed for patient convenience and not due to an 
overbooked schedule). 

This change in weekend outpatient examination performance allowed us to 
reduce our technical staff on the weekends. Technical staffing in 1995 was 33 
FTEs/week; in 1996 this dropped to 27.5 FTEs/week. Thus we were able to scan 
the same number of patients (slightly more) with fewer technologists between 
Monday and Friday, rather than over the full 7-day week. In 1997 there were 27.24 
FTEs/week budgeted; actual FTEs were 25.94. 

This expanded schedule also led to improved patient and referring clini- 
cian-customer relationships. More oncology patients could be scanned on the 
same day as their clinic visit, rather than at separate the visits (scan one day, seen 
another day). Further, more examinations on these patients were performed in 
the clinic rather than at outside institutions. 

Thus changing from Plus Classic to Plus 4 technology vastly improved produc- 
tivity and customer service, utilizing fewer technologist hours during the routine 
work week. 

23.3 

Prospective Evaluation of Scanner Efficiency: Plus Classic vs. Plus 4 

Data from 1049 CT examinations were recorded prospectively over a 5 -week pe- 
riod. During the study period we used two Somatom Plus 4 scanners and two 
Somatom Plus Classic scanners. The patients were not randomized to the scan- 
ners. We measured the following parameters with respect to scanner type, exam- 
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ination protocol, patient age, gender, number of technologists, inpatient/outpa- 
tient status, and occurrence and type of problem: (a) room time (total time patient 
occupied the CT scanner room), (b) scanner time (specific time scanner dedicat- 
ed to a specific patient; the longer of either time that image processing was com- 
plete minus time patient entered room or total time patient spent in room). 

Both times were calculated for the ten most common examination protocols 
{n = 769) and compared between the Plus Classic and the Plus 4 scanners. Analy- 
sis of covariance was performed to adjust for the differences between the patients 
scanned on the two scanners. 

The examination types were primarily nonspiral on the Plus Classic scanner 
and both spiral and nonspiral on the Plus 4 scanner. We did not use the spiral 
mode on the Plus Classic because this scanner platform could not perform two 
sequential spiral scans with adequate mAs. Further combining sequential and 
spiral scans together on the same patient created sorting problems for filming 
and for our digital review station. 

23.4 

CT Examination Protocols 

The overall mean room time and the overall mean scanner time, both adjusted 
for covariates, were significantly less for the Plus 4 (p = 0.0001 and 0.0014, respec- 
tively). The examination protocol also significantly affected the differences in 
time (p = 0.0001 for both mean room and scanner time). The difference in room 
time was significant for 6/10 examination protocols (641 patients and 84% of the 
examinations). The difference in scanner time was significant for 4/10 examina- 
tion protocols (519 patients and 68% of the examinations). 

Sinus, skull, facial bones, spine performed at 2, 3, or 5 mm collimation; kidney 
examinations both pre- and postcontrast performed at 5 mm collimation; chest, 
abdomen, and pelvis examinations performed at 8 mm collimation. Z-axis recon- 
struction = collimation for all examinations except perihilar area of chest, livers 
and kidneys which are reconstructed at 1/2 = collimation (Tables 23.1-23.4). 



Table. 23.1. Plus Classic vs. Plus 4 (from [1]) 





Z-axis 

(est.) 


Plus Classic 


Plus 4 




Examination 




Tech. 


No. of images 


Tech. 


No. of images 


A/P 


50 cm 


NS 


63 


Sx2 


94 


Head ( + c or — c) 


- 


NS 


19 


NS 


19 


Sinus 


- 


NS 


6 


NS 


6 


Chest 


45 cm 


Sxl 


75 


Sxl 


75 


Chest, A/P 


95 cm 


S chest NS A/P 


138 


Sx3 


169 


Skull 


Variable 


NS 




NS 




Spine 


Variable 


NS 




NS 




Head ( + c and -c) 




NS 


38 


NS 


38 


Liver ( — c) -1- A/P ( + c) 


20 + 50 cm 


NS 


88 


Sx3 


144 


Kidney ( — c) -1- A/P ( -1- c) 


20 + 50 cm 


NS 


118 


Sx4 


210 



A/P, abdomen, pelvis; NS, nonspiral; S, spiral; Sxl, one spiral run; x2, two spiral runs, etc. 
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Table 23.2. Unadjusted mean 
room time and percentage 
change by examination proto- 
col (from [1]) 



Table 23.3. Unadjusted mean 
scanner time and percentage 
change by examination proto- 
col (from [1]) 





Plus Classic 
(min) 


Plus 4 
(min) 


Change 

(%) 


Protocol 

Spine 


46 


28 


40 


Chest, A/P 


40 


24 


39 


Liver ( — c), A/P ( + c) 


32 


20 


36 


Kidney ( — c), A/P ( -1- c) 


38 


25 


34 


Chest 


23 


15 


34 


A/P 


30 


21 


30 


Head (+ or — c) 


17 


14 


17 


Head ( + and — c) 


34 


29 


14 


Simple sinus 


8 


9 


-16 


Skull or facial bones 


23 


28 


-21 





Plus Classic 
(min) 


Plus 4 
(min) 


Change 

(%) 


Protocol 

Chest 


36 


26 


27 


Spine 


48 


35 


27 


Head (+ or — c) 


22 


17 


22 


Head ( -f- and — c) 


36 


31 


15 


Chest, A/P 


49 


43 


14 


Liver ( — c) + A/P ( -1- c) 


35 


31 


12 


A/P 


33 


30 


11 


Simple sinus 


9 


10 


- 3 


Kidney ( — c) -f A/P ( + c) 


40 


43 


- 7 


Skull or facial bones 


28 


34 


-24 



Table 23.4. Comparison 
ip values) of adjusted mean 
room and scanner times 
between Plus Classic and Plus 
4 scanners 



Protocol 


Room time 


Scanner time 


A/P 


0.0001 


0.0259 


Head ( -h or — c) 


0.0033 


0.0005 


Simple sinus 


0.0469 


0.1600 


Chest 


0.0001 


0.0102 


Chest, A/P 


0.0001 


0.0102 


Skull or facial bones 


0.2772 


0.8242 


Head ( 4- c and — c) 


0.3379 


0.0831 


Spine 


0.1113 


0.0655 


Liver ( — c) H- A/P ( -1- c) 


0.0076 


0.1186 


Kidneys ( — c) -h A/P ( + c) 


0.0527 


0.8596 



Unadjusted times should not be used in an absolute sense to compare the 
scanners; more outpatients were scanned on the Plus 4 scanner, and mean room 
and scanner time was less with outpatients. Nonetheless, when adjusted there are 
significant differences in overall room time and scanner time. Interestingly, there 
is less change with scanner time than with room time. Processing time was long- 
er with the Plus 4; however, in many instances most if not all of the study per- 
formed on the Plus 4 reconstructed the images at half the collimation used (i.e., 
twice as many images reconstructed) (see differences in protocols and number of 
images reconstructed). 
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23.5 

Add-Ons to the Plus 4: Does the Ceramic Detector and Turbo Reconstruction 
Improve Scanner and Technologist Efficiency? 

One issue which radiologists face after buying a new piece of equipment is what 
to do the following year when a manufacturer offers them new and supposedly 
improved add-ons. We are often aggravated by these new add-ons as we were in- 
evitably told that what we bought the previous year was the latest and greatest. 
Such is the case with the new solid detector system for the Plus 4 and the new 
hardware and software add-ons for rapid reconstruction (additions costing over 
100-150 K in capital) 

One significant advantage of the solid detector is its improved radiation ab- 
sorption efficiency, an improvement of between 25% and 35% over gas detectors. 
With equivalent patient dose, this should improve image quality. However, in 
many instances this improvement in signal to noise ratio may be unnecessary. 
Therefore rather than scan at the same dose, we can significantly reduce the dose 
to achieve equivalent image quality: 

- Gas detector techniques: abdomen/pelvis 120 kVp/280 or 320 mA; 0.75 s 
scans; 8 mm collimation 

- Solid detector techniques: abdomen/pelvis 120 kVp/200 or 240 mA; 0.75 s 
scans; 8 mm collimation 

How does this improve scanner efficiency? By using lower power settings the tube 
heat limits are not reached, and there is virtually no tube cooling time wasted. 
When multiple, back-to-back spiral runs are desired, this becomes critical. With 
the standard Plus 4 configuration our technologists often waited 5-10 min before 
the next multiple spiral examination could be performed (waiting for the tube to 
cool). With the solid detector addition, utilizing lower techniques, tube cooling is 
rarely encountered. 

How does the rapid reconstruction improve patient throughput? With multi- 
ple spiral runs, often reconstructing at one-half the collimation, multiple images 
are now produced with extended z-axis examinations. Without rapid reconstruc- 
tion it is not easy to perform an examination, remove the patient from the scan- 
ner, and have another patient on the scanner before all of the images from the 
prior examination are reconstructed. Again with our standard Plus 4 configura- 
tion, our technologists can wait 5-10 min before they can start scanning another 
patient. The rapid reconstruction virtually eliminates that problem. 

Our study logs show that with the combination of the UFC detector and the 
turbo reconstruction 130 images can be scanned and reconstructed in 10 min. 
Conversely, on a Plus 4 without the detector and turbo reconstruction, the same 
number of images (scanned and reconstructed) take 18 min. Thus these techno- 
logical improvements reduced machine time by 45%. Eight minutes does not 
seem substantial, but over several hours it can mean scanning many more pa- 
tients (we estimate that with the Plus 4 platform we can only scan three or four 
patients/hour, whereas the addition of the solid detector and rapid reconstruc- 
tion, we can scan five to seven patients/hour). 
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23.6 

Interventional CT: Standard Technique vs. CARE Vision 

The turbo reconstruction package also allows for CT fluoroscopy (CARE vision). 
Preliminary experience suggests that this will also improve efficiency. 

We are currently evaluating CT fluoroscopy in a randomized, prospective fash- 
ion with each radiologist serving as his or her own control utilizing their stan- 
dard technique with CT as the comparison. Unfortunately, by the present time 
only an insufficient number of patients have been entered into the study to have 
meaningful data. However, historical data is sufficient to make the following gen- 
eral conclusions. Overall, the total machine/room time spent for CT interventions 
using fluoroscopy is approximately 30%-50% less time than when using stan- 
dard CT technique. 
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24.1 

Introduction 

The quality of multiplanar reformations and three-dimensional renderings is 
primarily influenced by the quality of the computed tomography (CT) data. A 
thorough understanding of spiral CT principles is required for optimal creation 
of multiplanar and three-dimensional renderings. No amount of sophisticated 
rendering and image segmentation can resurrect a poor acquisition. 

Multiplanar and three-dimensional rendering techniques were applied to 
conventional CT data [1]; however, their accuracy and applicability have 
increased considerably by virtue of the contiguous volumetric data set provided 
by spiral CT. Three-dimensional renderings eliminate constraints of transverse 
tomographic imaging, allowing anatomy to be viewed from innumerable angles. 
Although when performing CT angiography (CTA), views can be obtained to 
simulate various conventional arteriographic projections, additional views that 
are impossible with conventional arteriography are possible. Similarly, while 
perspective views within tubular lumena such as the colon or bronchi can sim- 
ulate fiberoptic endoscopy, the flexibility of the volume data allows substantially 
greater alternatives for visualization. These range from prograde and retrograde 
visualization along a similar axis as fiberoptic endoscopy to panoramic views of 
the entire internal surface of the colon. Another exciting technique for alternative 
analysis of spiral CT data is the quantitation of flow channels to measure luminal 
diameters and areas, segment lengths, and curvature independent of orientation 
to characterize structures in a manner that was previously unattainable. 

24.2 

Visualization Techniques 

Current techniques for three-dimensional rendering of spiral CT data require 
transverse sections to be generated first and then a rendering algorithm is ap- 
plied to the stack of sections. Because these algorithms enable us to view the vol- 
ume of data on a two-dimensional medium, they reduce the data by eliminating 
information. It is impossible to reconstruct the source transverse sections from a 
three-dimensionally rendered image. Critical to the appropriate use of three- 
dimensional rendering in clinical radiology is an understanding of how the vari- 
ous rendering techniques are created and what information is lost in the process 
of rendering. To date, four rendering techniques have been employed on spiral 
CT scans - multi- and curved planar reformations, threshold shaded surface 
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display (SSD), maximum-intensity projection (MIP), and volume rendering 
(VR). 

Multiplanar reformations are coronal, sagittal, or oblique single voxel thick 
planes created from the stacked transverse sections. They are excellent for dis- 
playing anatomic relationships that are co-planar. Because tubular structures are 
not constrained to a specific plane, it is rare to visualize a vessel, airway, or bowel 
segment along its entire course on a single reformatted section. Curved planar 
reformations can be very helpful for displaying tortuous vessels that cannot be 
completely visualized on a flat planar section. They are prescribed from a curve 
drawn on either a transverse section, reformatted section, or three-dimensional 
projection, which is then extended through the entire data set. The resultant 
“curved plane” is flattened and displayed as a two-dimensional image. Multi- and 
curved planar reformations preserve all of the relative X-ray attenuation infor- 
mation and do not suffer from the limitations that overlapping vessels have on 
three-dimensional renderings. They are particularly valuable for visualizing the 
true wall of abdominal aortic aneurysms by showing mural thrombus relative to 
the patent arterial lumen, differentiating eccentric calcification on arterial walls 
from adjacent luminal patency, and evaluating the interior of metallic stents. 
Curved and multiplanar reformations are exceedingly operator dependent. Dis- 
plays do not incorporate information from adjoining voxels, and therefore inac- 
curate plane selection can falsely simulate lesions which are not present or can 
exclude true lesions from the rendering. Curved planar reformations can be par- 
ticularly misleading, because distances are referenced to the curve and not the 
Cartesian coordinate system of all other planar images. Measurements should 
never be made from curved images, and caution should be taken when assessing 
the relative position of structures. Therefore, curved reformations must always 
be interpreted in association with axial sections and three-dimensional render- 
ing techniques. 

SSD were first applied to CT data for the display of musculoskeletal system [2]. 
They provide an exquisite view of complex three-dimensional relationships, par- 
ticularly in regions of overlapping structures and at the origins of aortic branch- 
es. Contiguous voxels at the boundary of a predefined threshold range are mod- 
eled as surfaces by the computer. The computer then generates an imaginary 
source of illumination to depict surface reflections which are encoded in the im- 
age gray scale [3, 4]. Unfortunately, for all their pizzazz, SSD are the most reduced 
form of three-dimensional rendering. The majority of information regarding rel- 
ative X-ray attenuation is lost in the thresholding process. In their simplest and 
most commonly used form, SSD are the product of binarized data, displaying the 
transitions between pixels within and those outside of the selected threshold 
range. Two main limitations of surface displays are: (1) threshold selection pro- 
foundly affects the appearance of luminal stenoses, polyps, or normal surface de- 
tails such as haustra and (2) structures within the threshold range with different 
attenuations, e.g., calcium and luminal contrast, cannot be differentiated. SSD can 
be made with multiple threshold levels and colorized display to enable segmen- 
tation of structures with varying attenuation [5]. 

The advent of spiral CT angiography brought the first widespread application 
of MIP to CT [6]. A view angle is preselected along which rays are cast through 
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the volumetric data set. The maximum value encountered by each ray is encoded 
in a two-dimensional projectional display [7, 8]. MIP gray scale thus reflects rela- 
tive X-ray attenuation. The absence of a thresholding step, as in SSD, enable sub- 
tle variations in attenuation to be appreciated. This has tremendous importance 
in the differentiation of calcified atheroma and intraluminal contrast. Two main 
disadvantages of the MIP are that depth relationships cannot be appreciated from 
a single image and, in regions of vessel overlap, only one structure will be repre- 
sented in any single pixel, making discrimination of structures difficult or impos- 
sible. This latter limitation is particularly germane when assessing the origins of 
aortic branches with CTA. The lack of depth information can in part be coun- 
tered by generating multiple MIP at regular intervals around an axis of rotation. 
The resultant images are viewed as a cine loop to enable appreciation of depth re- 
lationships. 

A further limitation of MIP and some SSD is that highly attenuating structures 
such as bone, metallic implants, or intensely enhancing parenchyma can mask 
target anatomy. Because the MIP selects only the brightest pixel along each ray, a 
high-attenuation structure anywhere along the path of the ray will dominate and 
thus mask a structure of lesser attenuation. Alternatively, SSD have the property 
of occlusivity. Less attenuating structures will obscure target vessels if their at- 
tenuation falls above the selected threshold and if they are closer along the select- 
ed viewing path than the target vessel. 

To overcome this limitation, manual or semi-automatic techniques must be 
employed to remove the high-attenuating structures prior to rendering all MIP 
and many SSD. Editing can be divided into two basic approaches - planar and 
sculpted editing. Planar editing or “thin-slab” and “cut-plane” rendering is based 
upon the selection of a multiplanar reformation that is then broadened by a us- 
er-defined thickness to create a slab that is always viewed en fosse. Visualization 
of the voxels along the slab’s axis of depth can be via MIP, minimum-intensity 
projection, SSD, or VR. The most useful and flexible implementations of thin-slab 
rendering allow real-time control of the slab thickness, orientation, position, and 
rendering options. The technique can be very effective for assessing limited re- 
gions of anatomy such as the renal or proximal mesenteric arteries and has also 
been suggested for assessing parenchymal abnormalities within the lung and liv- 
er. However, complex three-dimensional structures are inadequately displayed 
for many applications, as only a fraction of the anatomy may be displayed within 
the rendered subvolume. 

Sculpting techniques can be characterized by varying degrees of automation. 
At the simplest level, manual editing involves region-of-interest drawing on indi- 
vidual transverse sections to isolate structures to be retained or excluded from 
the rendering. Manual techniques rely upon an operator who has an excellent 
knowledgeable of cross-sectional anatomy. Although this technique can be time- 
consuming (30-60 min), it allows the greatest degree of control over what struc- 
tures are included or excluded in the rendering. A faster approach to manual seg- 
mentation that removes some control is to divide the imaging volume into multi- 
ple slabs or subvolumes and to perform an MIP on each slab. A region of interest 
is drawn on each slab MIP and then extended to all individual axial sections rep- 
resented within the slab. 
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Semi-automated segmentation techniques employ three-dimensional connec- 
tivity or “region growing” to identify contiguous pixels within a threshold range 
[9] . A “seed” is manually planted on a representative section with the region to be 
excluded. This seed is then allowed to grow in three dimensions into neighboring 
pixels within the prescribed threshold range. Once identified, the pixels are as- 
signed values of -1000 HU. Segmentation of abdominal aortic CT angiograms 
are the most laborious due to the need for separating the entire aneurysm (both 
patent and thrombosed portions) from adjacent abdominal structures. Current- 
ly, two-dimensional region-of-interest drawing appears to be the only adequate 
means of performing this segmentation prior to MIR Threshold-based three-di- 
mensional connectivity, although theoretically capable of achieving similar re- 
sults, has not been adequately employed to date. Limitations of the three-dimen- 
sional connectivity include region-of-interest spread into the spine and bowel 
segments which contact the aneurysm. 

A comparison of multiplanar reformation, MIP, and SSD rendered following 
sculpted editing is summarized in Table 24.1 and Fig. 24.1. 

VR is the newest visualization technique to be applied to spiral CT data [10]. 
There are many different versions and interfaces for VR, but the general approach 
is that all voxel values are assigned an opacity level that varies from total transpa- 
rency to total opacity (Fig. 24.2). This opacity function can be applied to the histo- 
gram of voxel values as a whole or to regions of the histogram that are classified as 
specific tissue types. With the latter approach, rectangular or trapezoidal regions 
areas are selected that correspond to the range of attenuation values for a structure 
[11,12]. The “walls” of the trapezoid slope from an opacity plateau to the baseline 



Table 24.1. Comparison of three-dimensional rendering techniques 





Multiplanar/curved 
planar reformation 


Maximum intensity 
projection 


Shaded surface 
display 


Advantages 


“Slices” through the 
center of the vessel to 
show lumen, useful 
with arterial stents or 
eccentric calcifica- 
tions 


Differentiates calcifi- 
cation or stents from 
contrast column and 
mural calcium 


Displays complex an- 
atomic relationships 
in regions of vessel 
overlap or tortuosity 


Disadvantages 


Inaccurate curve 
drawing can falsely 
imply lesions not 
present 


Confusing in regions 
of vessel overlap, can- 
not image interior of 
metallic stent 


Cannot differentiate 
metallic stent or mu- 
ral calcium from the 
intra-arterial contrast 
column; incorrect 
threshold selection 
can falsely imply or 
exclude lesions 


Prerendering editing 


None 


Minimum: removal of 
bones 

Preferred: removal of 
all structures other 
than the target ves- 
sels 


Minimum: none 
Preferred: removal of 
all structures other 
than the target ves- 
sels 


Time required 


2-10 min 


10-60 min 


5-60 min 
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Fig. 24.1. a Shaded surface display (SSD) CT angiogram of the normal aorta and renal arteries. 
The gray scale encodes depth. All visualized pixels were above an arbitrary threshold value. Cal- 
cification at the origins of the renal arteries is seen as a contour abnormality (arrows), b Maxi- 
mum-intensity projection (MIP) in the same patient. Gray scale encodes CT number. There is no 
depth encoding. Calcium is brighter due to its greater X-ray attenuation. Left renal arterial cal- 
cium appears to completely occlude the lumen in this view, c One pixel thick curved planar ref- 
ormation (CPR) demonstrating eccentric mural calcification of the proximal renal arteries bilat- 
erally. The left renal arterial origin calcification is shown to be nonocclusive (straight arrow). 
d CPR, reconstructed from a slightly different curve, completely eliminates the mural calcifica- 
tion from the arteries, attesting to the eccentricity of the calcified plaque and the absence of 
significant renal artery stenosis. The luminal narrowing in the right renal artery (curved arrow) 
is spurious due to inaccurate curve drawing. (Reprinted with permission from [15]) 



of complete transparency in an attempt to account for partial volume effects at the 
edges of structures. Lighting effects may be simulated in a similar fashion as with 
SSD. Because there is no surface definition with VR, lighting effects are applied 
based upon the spatial gradient (i.e., variability of attenuation within a local neigh- 
borhood of voxels). Near the edges of structures, the spatial variation in attenua- 
tion changes more rapidly (a high gradient) than in the center of structures (a low 
gradient). Lighting effects are most pronounced in regions of high spatial gra- 
dients. Because lighting effects and variations in transparency are simultaneously 
displayed, it is frequently useful to view VR in color. The color is applied to the at- 
tenuation histogram to allow differentiation of pixel values and to avoid ambiguity 
with lighting effects, which are encoded in gray scale. Other variables such as spec- 
ular reflectivity, which models the “shininess” of a surface, may be available, but 
should be used with caution to avoid confounding the visualization. 
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Fig. 24.2. a Histogram of voxel values within a spiral CT data set of the thorax. The yellow line is 
the opacity curve which is drawn to demonstrate the vasculature and bones. Opacity of 0 indi- 
cates complete transparency, and opacity of 1.00 indicates complete opacity. Intermediate values 
are semiopaque. The color scale is indicated between the x-axis and the histogram plot. The col- 
or scale enables differentiation of the blood vessels from the bones, b Volume rendering cor- 
responding to opacity and color values defined in a. Figure continues on next page 
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Fig. 24.2. c Same data as in a with opacity curve and color scale to demonstrate the pulmonary 
parenchyma and the central airways, d Volume rendering corresponding to opacity and color 
values defined in c. (Reprinted with permission from [13]) 



The application of VR to spiral CT data sets has been less popular than MIP 
and SSD because of its requirement for more powerful computer hardware and 
because it has required a complex software user interface with a long, steep learn- 
ing curve. The recent introduction of fast computer graphics workstations has 
enabled VR tools to be developed that can be practically applied to CT data sets. 
The challenge of creating practical VR interfaces is to reduce the substantial de- 
grees of freedom to a small feature set that is both fast and easy to use and flex- 
ible enough to provide uncompromised visualization of clinically relevant data. 
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MIP and SSD are both limited by substantial rendering losses. Rendering loss 
in MIP is by a factor equal to 1 minus the thickness of the volume, typically more 
than 99%. An important advantage of VR over SSD is that no information is lost 
by thresholding. Depth, surface, and relative X-ray attenuation are all conveyed 
with VR. Another advantage of volume rendering, which is shared by SSD, is that 
perspective views can be generated from within the data set, taking the viewer on 
a “fantastic voyage” into blood vessels, airways, or the gastrointestinal tract 
(Fig. 24.3) [13]. 




Fig. 24.3a, b. Perspective volume ren- 
dered helical CT of the airways, a The 
normal trachea and carina are clearly 
visualized distal to the lesion, b Seventh- 
order branching is demonstrated within 
a subsegment of the anterior segment of 
the right upper lobe (arrows). Typical 
adult fiberoptic bronchoscopes cannot 
pass through the ostea of fifth-order 
bronchial branches. (Reprinted with per- 
mission from [13]) 
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24.3 

Perspective Rendering 

Currently, three-dimensional renderings are created predominantly from view- 
points external to the data set, generated using parallel rays cast through the vol- 
ume or reflected off surfaces as if the model were viewed from a great distance 
with high-powered (telephoto) magnification. This type of visualization, termed 
“orthographic,” results in the perceived size of structures being independent of 
their distance from the viewer. A more realistic technique, “perspective” visual- 
ization, renders with rays that converge at the viewer to mimic the perspective 




Fig. 24.4A-D. Comparison of perspective volume rendering with perspective surface display. A 
Perspective shaded surface display of colonic helical CT with threshold of -980 HU, which is op- 
timal for displaying the interior of the colon. B Threshold of -930 HU, which is too high. Por- 
tions of the colonic wall are not rendered and appear as holes or intraluminal juxtamural 
structures (arrows), which could be misinterpreted as polyps. A 5-mm polyp is visible in all 
views (P). C Perspective volume rendering with an opacity curve that renders all voxels above 
-980 as 80%-100% opaque is free from both artifactual wall discontinuities and juxtamural 
structures. D Perspective volume rendering with a different opacity curve that renders the low- 
er densities more transparently creates a whispy appearance of the thinner structures (^). Frank 
discontinuities as seen with surface displays are not created. The presence of semitransparent 
cues on volume rendered images (C, D) results in easier detection of errors than on surface dis- 
plays (A, B). Once detected, the opacity curve can be adjusted and the image rerendered in 
10-20 s. Even if the error is detected on a surface display, an additional 10-15 min are required 
to recalculate isosurfaces based upon a new threshold value which may still be incorrect. (Re- 
printed with permission from [13]) 
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provided by the human visual system, where similarly sized structures close to 
the viewer appear larger than those farther away [13]. While perspective render- 
ing is not critical when viewing CT data sets from external viewpoints, it becomes 
critical when rendering occurs from within the data, termed “immersive” visual- 
ization. Immersive visualization enables CT renderings that simulate endoscopy. 
Both SSD [14] and VR [13] can be used for immersive visualization. Although 
SSD are less computationally intensive and thus allow near interactive rendering 
rates, the surface extraction process - with its inherent reduction in voxel infor- 
mation - ultimately limits these renderings by creating surfaces at assumed 
boundaries. Discontinuities in the walls of airways or blood vessels can be arti- 
factually created, and structures typically appear irregular due to the polygonal 
modeling applied to the surfaces (Fig. 24.4). Thus VR is preferred, because arti- 
facts in regions with volume averaging between luminal walls and the lumen are 
substantially diminished. Perspective VR has shown considerable promise for 
uniquely visualizing endobronchial, endovascular, and intrathoracic anatomy 
and disease. Immersive visualization is particularly attractive when compared to 
external, orthographic visualization, because editing of the data may not be re- 
quired when views can be generated between structures that would overlap and 
obscure one another on external views. 

24.4 

Conclusion 

Spiral CT data offer considerably greater flexibility for reconstruction than con- 
ventional CT. As a result, image quality is highly dependent on the selection of 
both the reconstruction parameters and the scan parameters. Because spiral CT 
data are volumetric, multiplanar and three-dimensional renderings are of a high- 
er quality than when created from conventional CT data. As a result, these render- 
ing techniques are finding increasing utility as adjuncts to transverse sections for 
the diagnosis and characterization of abnormalities. A thorough understanding 
of the benefits and limitations of these techniques is required prior to relying 
upon them for diagnosis. 

Regardless of the three-dimensional rendering techniques employed, it is im- 
perative to always review the unedited axial sections for unsuspected pathology 
or segmentation errors. 
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25 Impact of Real-Time Three-Dimensional 

Rendering of CT Data on Diagnostic Performance 
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25.1 

Introduction 

Helical acquisition of computed tomography (CT) data enables the complete 
coverage of larger anatomic regions. Secondary reconstructions in additional 
planes out of these data volumes are therefore of better quality than reconstruc- 
tions from sequentially acquired axial slices. The usefulness of such reconstruct- 
ed images has been proved in several prospective and retrospective studies, par- 
ticularly for planning surgical interventions and for evaluating post-traumatic 
alterations or in certain expansive diseases [1, 3, 4, 12, 13, 16, 19]. However, all 
these studies compared only the added value of data postprocessing and did not 
consider the diagnostic effectiveness of the reconstructed images by using them 
instead of those acquired in the axial plane. 

Recent advances in image processing hardware and software enable more effi- 
cient data processing methods to be used. Even large data volumes can now be 
handled in real time, with the possibility of direct use for primary diagnostic 
interpretation instead of simple hard copy reading representing axial images 
alone. 

The aim of this study was to compare the diagnostic performance of a new 
prototype real-time three-dimensional rendering workstation with a conven- 
tional hard copy-based interpretation of CT data and with the diagnostic perfor- 
mance of a screen-based reading with a commercially available workstation. 

25.2 

Material and Methods 

The study population consisted of 100 consecutive CT examinations in different 
parts of the body in patients with suspected disease requiring images with fairly 
thin (less than 5 mm) collimation. Forty women and 60 men were included in the 
study, with an age range of 17-84 years (mean, 50.4 years). The covered regions 
were the soft tissues of the neck {n = 12), the chest (n = 7), the upper abdomen 
(n = 24), and the pelvis (n = 22) and the musculoskeletal structures of the spine 
{n = 13), the shoulder {n = 14), the elbow {n = 1), the wrist (n = 4), and the foot 
(n = 3). 

All data were acquired with a spiral CT (Somatom Plus 4, Siemens, Erlangen, 
Germany) with a 2- to 5-mm collimation and a pitch of 1. Reconstruction inter- 
vals ranged from 2 to 3 mm. Each acquired data set was evaluated by three differ- 
ent observers using three different modalities: 
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- Printed hard copies 

- A conventional postprocessing workstation, allowing viewing of the axial 
slices, and secondary reconstructions (Sunspark 20, SUN Microsystems, 
Mountain View California), equipped with a “Magic View” software package 
(Siemens, Erlangen, Germany). 

- A real-time three-dimensional rendering workstation (Onyx, Silicon Graphics, 
Mountainview, California) equipped with a prototype software 

The observers switched between the viewing modalities after every ten examina- 
tions to avoid performance bias. Each set of data was analyzed with respect to 
primary and secondary pathologic findings. Primary findings were considered to 
have a meaning for the patients’ suspected disease, while secondary findings were 
classified as being abnormalities without implication for the actual problem. A 
final consensus reading by all three observers, based on all three modalities, was 
used as a standard of reference. 

The Wilcoxon matched-pairs signed rank test was used for statistical test- 
ing. 

25.3 

Results 

The consensus reading allowed 147 primary and 101 secondary findings to be de- 
fined. A total of 96.6% of the primary and 74.3% of the secondary findings were 
seen on the hard copies. The conventional workstation allowed the depiction of 
96.6% and 77.2% of the diagnoses, respectively. Using the three-dimensional real- 
time rendering workstation, 100% of the primary and 96% of the secondary find- 
ings were detected. 

The missed primary findings were the same on the hard copies and using the 
conventional workstation: a pulmonary metastasis, a pathologic lymph node in 
the abdomen, an abdominal aneurysm, and spine and rib osteolytic lesions, re- 
spectively (Fig. 25.1). Among the secondary findings, the observers particularly 
missed calcified alterations (calcified lymph nodes, two bone hemangiomas, two 
other bone lesions, and some gall stones) on the hard copies, but also some liver 
cysts, renal cysts, a diverticulum of the bladder, and a colon diverticulum. Using 
the conventional workstation, almost the same lesions were missed as in the hard 
copy interpretation. On the real-time three-dimensional rendering workstation, 
the undetected lesions were as follows: a spinal hemangioma, a cystic bone 
lesion, a dilated common bile duct, and a colon diverticulum. 

There was no significant difference between the detection rate for primary 
lesions. However, the sensitivity for detection of secondary findings was signifi- 
cantly higher with the three-dimensional real-time rendering workstation than 
with the more conventional techniques. 

No significant differences were described between the real-time three-dimen- 
sional rendering workstation and the standard of reference, although a couple of 
lesions were missed. However, the performance of reading based on hard copies 
and on the conventional workstation was significantly poorer than the standard 
of reference. 
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Fig. 25.1. Volumetric pres- 
entation of helical CT of 
the chest in a patient with a 
rib metastasis on the left. 
This finding was detected 
only with the real-time 
three-dimensional render- 
ing workstation 




The average time necessary for interpretation of an examination was shorter 
using the real-time three-dimensional rendering workstation than using the con- 
ventional workstation (7.3 and 8.6 min, respectively). The time requested for 
hard copy readings could not be registered. 

25.4 

Discussion 

Due to the increasing number of digital archiving and communication systems, 
there is an increasing demand in radiology for switching from film reading to di- 
rect screen reading using workstations [2, 5, 11]. There are, however, still limita- 
tions of this kind of imaging interpretation, particularly due to the longer time 
periods still needed to analyze a large amount of data on screen. On the other 
hand, modern workstations equipped with postprocessing software capabilities 
allow volumetric data to be reconstructed in any desired plane. In this way, the 
diagnostic accuracy of CT images may be increased in some anatomic areas 
[6-10,14,15,17,18]. 

These clear advantages of image postprocessing capabilities are, however, 
decreased by the additional amount of time needed for reformating in addition- 
al planes. The overall efficiency of screen interpretation sessions still remained 
doubtful. 

Use of a real-time three-dimensional rendering workstation therefore theoret- 
ically has a twofold advantage: 

- Rapid scrolling through the image volume compensates for the somewhat lim- 
ited capabilities of the display compared to hard copy reading. 
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- Real-time capabilities do not increase the time necessary for postprocessing 

purposes. 

The data obtained in this study underscore the expected increase in efficiency of- 
fered by image interpretation on the real-time three-dimensional rendering 
workstation. Not only was the necessary reading time significantly decreased 
compared to readings based on the conventional workstation, but the number of 
detected lesions was also significantly higher than in the hard copy or worksta- 
tion reading sessions. 

One of the limitations of the present study is the lack of a golden standard for 
the described pathological alterations. However, the purpose of this prospective 
evaluation was only to compare the different modalities, and therefore some of 
the possible false-positive or false-negative results do not affect the outcome of 
this study. 

There was no difference between image evaluation on hard copies and using 
the conventional workstation, although the workstation allowed for adjustment 
of level and window values as well as for reformats in additional planes. Howev- 
er, the time-consuming reconstructions were not regarded as necessary in all cas- 
es and therefore some of the lesions were missed. 

An additional explanation for the better performance of interpretations using 
the real-time rendering workstation is its capability to interactively scroll 
through the acquired volumetric image data. This interactive viewing in any de- 
sired plane significantly facilitates the detection of even very small alterations 
(e.g., cysts of the liver or kidneys) [5]. The additional capability of a real-time re- 
construction is helpful, especially in the detection of those lesions that are insuf- 
ficiently displayed in the axial plane (aneurysms of the aorta, alterations of the 
spinal canal). 

There are still some limitations associated with the new viewing workstation. 
The time-consuming loading of image data in the workstation should be auto- 
matically performed in the future. A comparison of several data volumes ac- 
quired in different phases of contrast enhancement or at different times for fol- 
low-up purposes is another drawback of the actual system. However, these are 
only limitations related to the prototype version of this equipment and may eas- 
ily be improved in future. 

In conclusion, evaluation of CT images using a real-time three-dimensional 
rendering workstation had no limitations compared to hard copy readings. Diag- 
nostic accuracy was not diminished compared to the other methods. Following 
some further technical improvements of this technique, screen reading could be- 
come the method of choice for interpretation of CT data in the future. 
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26.1 

Introduction 

Spiral CT angiography (CTA) has proven valuable for the evaluation of aortic, 
carotid and renal vascular disease [1-6]. Combining optimal vascular opacifica- 
tion with motion free data acquisition creates high-quality multiplanar and 3D 
vascular image reconstructions. Most clinical applications of CTA to date have 
employed maximum-intensity projection (MIP) and shaded-surface display 
(SSD). These techniques, however, are limited since they use less than 10% of the 
entire dataset for visualisation. This chapter describes the use of a volume ren- 
dering algorithm with real-time rendering for imaging a variety of vascular ab- 
normalities. 

Volume rendering is a method of displaying a 3D dataset onto a 2D screen 
whilst not losing any of the spatial detail inherent to the original dataset [7, 8]. 
Advances in real-time volume rendering have been limited until recently by com- 
puter hardware and software constraints. The volume rendering method em- 
ployed in this study is known as planar composition, which is one of the two most 
popular techniques in volume rendering, the other being known as ray casting. 
Unlike ray casting, which has similarities to ray tracing, planar composition uses 
hundreds of equidistant texture mapped planes that intersect the volume dataset 
to display it on screen. Hence the final image is the result of many overlapping 
planes. The texture map associated with each plane is calculated using trilinear 
interpolations through an OpenGL extension. 

26.2 

Materials and Methods 

This experience results from 256 consecutively studied patients for a variety of 
vascular problems. All CT scans were performed on a Siemens Somatom Plus 4 
scanner with a solid-state detector. CT data were acquired with 2 or 3 mm colli- 
mation and a pitch of 2 with reconstruction intervals at 1-2 mm. Non-ionic con- 
trast 300-350 mg iodine/ml was injected at a rate of 3-4 ml/s with total volumes 
of 120-150 ml. A patient-specific time delay was determined by a region of inter- 
est time-density analysis over the vessel of interest during a preliminary test in- 
jection of 20 ml contrast at 4 ml/s so that optimal vascular enhancement was ob- 
tained. We used breathholds of 30- 40 s determined by the required scan length 
and related to table speed and collimation as detailed by Rubin [9]. 
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26.2.1 

Three-Dimensional Volumetric Rendering Methodology 

A Silicon Graphics reality graphics subsystem was used to visualise the volumet- 
ric data in real time (about 3 frames/s). The machine was configured with one 
180 MHz RIOOOO microprocessor and 128 MB of system memory. The Reality 
graphics subsystem consists of two geometry engines and one raster manager 
with 16 MB of texture memory which yields a maximum voxel (volume-rendered 
pixel) throughput of 160 million trilinear interpolations per second. The tech- 
nique employed in visualising the volume data on the Silicon Graphics machine 
is based on the 3D texture mapping algorithm developed by Silicon Graphics as 
part of the extended OpenGL application programming interface. In 3D texture 
mapping multiple planes are ‘cut’ into the volume data, and the pixels that lie on 
these planes are calculated using trilinear interpolations. 

The normals of these planes are parallel to the line of sight of the observer. The 
end result of having multiple equally spaced planes cutting through the volume 
data allows the whole volume to be sampled and viewed as a stack of planes. The 
technique just described is best known as planar composition. 

Volume rendering generates a 2D image that conveys 3D spatial information 
inherent in the dataset. The observer can modify and rotate the volume of data on 
hardware accelerated OpenGL workstations in real time to visualise anatomy and 
pathology. The user manipulates the images through the use of transfer functions 
and three button mouse control for rotation, slicing, zooming and fly-throughs. 

The volume-rendered images are calculated graphically using a percentage 
classification transfer function. In this method a graph with Hounsfield units as 
the x-axis and frequency of voxels as the y-axis is used. Hence the frequency of 
voxels are plotted according to their Hounsfield unit values. 

The actual transfer function comes in the form of a trapezoid superimposed 
onto the graph. The position, length and slopes of the sides of the trapezoid can 
be manipulated under mouse control. Voxels with a particular Hounsfield unit 
range (e.g. to represent bone or soft tissue) can be selectively displayed by plac- 
ing the origin of the upslope at the lower range and the conclusion of the down- 
slope at the upper end of the range. It is these voxels that are drawn to screen. 

Hence altering the 3D image is a simple matter of positioning the trapezoid 
over the appropriate range of Hounsfield units. Many trapezoids can be used to 
provide more spatial information. In our studies two trapezoids are used. For ex- 
ample, when examining a vascular stenosis, say of the carotid or renal artery, one 
trapezoid is used for the opacified vessel lumen and another to represent calcified 
plaque. The two trapezoids are positioned manually by a radiologist to best dis- 
play the two entities in question. In addition, a particular colour can be associat- 
ed with each trapezoid; red is used to colour the trapezoid which shows lumen 
and yellow to represent calcified plaque. 

Modifying the slopes of the trapezoid changes the image in several ways. It is 
the lower density voxels and high density voxels that are affected by the slopes of 
the trapezoid. Decreasing the slope increases the grey scale and decreases image 
contrast while increasing the slope does the opposite. Manipulation of these 





Fig. 26.1a, b. 



slopes can enhance vital diagnostic information such as solid organs or mural 
thrombus in an aneurysm, or vascular stenoses and calcifications (Fig. 26.1). 

The results of changing the position, size and shape of the trapezoid are 
viewed in real time and interactively changed to yield the best visual results. 
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i Fig. 26.1a-d. CT volume rendering of thorax and abdomen in a patient with type B thoracic aor- 
tic dissection. Clip planes applied to the anterior and left side of the data volume, a Level and 
width set to visualise the parechymal organs including liver, spleen and thoracic vasculature, b 
By increasing the window level and width, tissues become translucent with visualisation of the 
pulmonary arteries and descending thoracic aorta, c Reducing the window width and level with 
an increase in opacity, it is now possible to visualise the vasculature more clearly with recogni- 
tion of the lumina of the aortic dissection {arrows), d Increasing the window level and width pro- 
vides exclusive visualisation of bony structure 
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26.2.2 

Manipulating the Volume Data 

Occasionally it is necessary to reduce the computational load and remove unnec- 
essary bony structures by the standardised editing process prior to data analysis; 
this is particularly needed for carotid artery bifurcation visualisation. 

Before the carotid arteries are volume rendered, it is necessary to reduce the 
computational load and remove other unwanted structures. Raw data from neck 
CT are first edited on a slice by slice basis by hand on a SunSparc computer. The 
slices are then passed to the Silicon Graphics visualisation machine. 

26.2.3 

Identifying and Imaging Vascular Stenoses 

Initially both carotid arteries are viewed externally using the Hounsfield unit 
range for contrast usually above 170 HU and to help identify the external and 
internal branches and stenosis or occlusions. This involves rotating the volume 
dataset 360° about the vertical axis. 

The Hounsfield unit range of the contrast-opacified lumen of the carotid ar- 
teries is determined using a frequency histogram below 166 ± 33 HU; the pixels 
in this range are coloured red. Similarly, the Hounsfield unit range of calcified 
plaques are determined using the same histogram above 425 ±101 HU; the pixels 
within this range are coloured yellow. This technique provides subtraction of lu- 
minal contrast and is the basis for our “endoluminal view”. 

A movie scene is then produced from an anterior aspect which shows the vol- 
ume rotating 180° from right to left. When a stenosis is identified, a cutting plane, 
with its normal oriented perpendicular to the line of sight of the observer, is then 
moved into the dataset, producing a longitudinal section of the carotid artery. 
This assists quantification of the degree of stenosis produced by plaque accord- 
ing to NASCET criteria. 

A fly- through inside the lumen of the abnormal carotid artery is attempted for 
every patient to better appreciate the degree of stenosis and the relationship of 
plaque to the walls of the artery. The virtual fly-through starts within the lumen 
of the common carotid artery, heading towards the bifurcation and ends in the 
internal carotid artery. A movie scene is then produced based on the same flight 
path. 

26.2.4 

Common Carotid Artery Bifurcation Assessment 

The North American Carotid Endarterectomy Trial and European Carotid Sur- 
gery Trial lists have proven that patients with high grade carotid artery stenosis 
(70%-99%) benefit from carotid endarterectomy [10, 11]. Determination of the 
degree of disease is therefore essential. Preliminary results have shown that CTA 
is superior to colour-coded duplex sonography for the evaluation of carotid dis- 
ease and shows promise in determining which patients may require surgery, with 
the potential to replace the gold standard, digital subtraction angiography [12]. 
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As little as 80 ml contrast can be used for assessment of the common carotid 
bifurcation. Using interactive volume rendering alone has in our preliminary se- 
ries, shown a high degree of accuracy in assessing carotid artery disease com- 
pared to catheter angiography and transverse CT with MIP images. Using MIP 
display it is often impossible to discern the true residual lumen because of heav- 
ily calcified concentric plaque. The advantage of volume rendering is related to 
an ability to perform window and level functions and to cut through the vessel in 
any plane to optimally estimate the degree of luminal narrowing (Figs. 26.2, 
26.3). Tortuous vessels are occasionally difficult to follow on transverse planes, 
particularly when they overlap, and the ability to image from multiple angles 



Fig. 26.2a, b. Left carotid artery sten- 
osis. a Left anterior oblique projec- 
tion of both carotids. Smoodi steno- 
sis of the left internal carotid artery 
(arrows), b Common carotid endolu- 
minal view shows tight stenosis at 
the origin of the internal carotid ar- 
tery (arrow); note widely patent ex- 
ternal carotid origin 
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Fig. 26.3a, b. Carotid artery stenosis, a Lateral view 
shows multiple calcified plaques, coloured yellow, 
(arrows) surrounding a narrowed internal carotid artery 
(arrowhead).}} Common carotid endoluminal view 
shows narrowed internal carotid (curved arrow) and 
calcified plaques, coloured yellow (arrows) 





with clip plane application to remove the overlying bony structures is a distinct 
advantage of volume rendering. Colour coding of calcified plaque and subtrac- 
tion of luminal contrast when combined with an endoluminal fly- through assists 
in understanding more complex vascular stenoses related to the bifurcation. 
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26.2.5 

Intracranial Applications 

The circle of Willis and vertebrobasilar system can be visualised from spiral CT 
datasets, enabling recognition of vascular stenoses, occlusions and aneurysms. 
One particular advantage of volume rendering compared to SSD and MIP dis- 
plays is the ability to retain bony landmarks when visualising aneurysms or vas- 
cular stenoses (Fig. 26.4). Interactive manipulations allow visualisation of the re- 
lationship between bony landmarks in preparation for surgical intervention 
(Fig. 26.5). All intracranial studies are performed with 1-mm collimation and a 
pitch of 1.5 and overlapping reconstructions at 0.8-mm intervals. 

26.2.6 

Abdominal Aorta 

Pre-operative assessment of abdominal aortic aneurysms require visualisation of 
the relationship of the aneurysm to major aortic branch vessels, accessory renal 
arteries, associated renal artery stenoses and inferior mesenteric artery patency 
[2]. This information can be achieved by spiral CTA and provides a better under- 
standing than conventional arteriography. Spiral CTA is routinely used prior to 




Fig. 26.4. CT angiogram of the circle of WUlis with clip planes applied to remove a portion of the 
sella (arrows). There is a wide mouthed posterior communicating artery aneurysm (arrow) pro- 
jecting from the left internal carotid artery 
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Fig. 26.5. Rheumatoid arthritis. The odontoid process (arrow) has migrated superiorly with im- 
pingement on both vertebral arteries (arrows) where they join to become the basilar artery 



endoluminal stent treatment of aortic aneurysms and post-operative patients 
can be assessed for stent position and patency [13]. 

Volume rendering has advantages over SSD and MIP displays in that bony 
landmarks can be preserved, and the easy application of clip planes can remove 
overlying viscera allowing for visualisation of both renal and mesenteric branch- 
es. Real-time visualisation of relationships between clot, contrast and calcified 
plaque can be conveyed interactively. 

26.2.7 

Thoracic Aorta 

Interactive volume rendering has several advantages over conventional CT with 
MIP display for visualisation of aortic aneurysms and aortic dissections [14]. The 
versatility of volume rendering allows the relationship between branching vessels 
and the aortic arch to be readily portrayed and in particular the relationship 
between thrombus and the aneurysm (Fig. 26.6). By lowering opacity the viewer 
can look through contrast columns, perhaps improving the diagnosis of subtle 
intravascular filling defects [8]. The intimal tear of aortic dissection can be 
viewed longitudinally by clip plane application, showing how it relates to aortic 
branches (Fig. 26.7). Large pulmonary emboli can be demonstrated with an an- 
giographic-like appearance by volume rendering (Fig. 26.8). 
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Fig. 26.8. Pulmonary 
embolus. Contrast-en- 
hanced spiral CT 
viewed from a left an- 
terior oblique projec- 
tion. Using clip planes 
we can visualise a 
massive left lower lobe 
embolus (arrows). 
Contrast-filled main 
pulmonary artery and 
partially filled lower 
lobe vessels and 
thrombus are all dis- 
cernible in this vol- 
ume-rendered image 




26.2.8 

Renal Artery Assessment 

Several authors have shown that CTA has the same accuracy as conventional an- 
giography in detecting renal artery stenosis greater than 50% [4, 15, 16]. Grading 
of renal artery stenoses is 80% accurate with MIP CTA and only 55% accurate 
with SSD CTA. Volume rendering should improve our accuracy, particularly 
when applying clip planes and endoluminal visualisation of plaque to discrimi- 
nate between calcified plaque and the enhanced lumen which can typically fall at 
a threshold level selected by conventional visualisation techniques. Very tortuous 
anatomy is more easily understood utilising volume rendering tools and has 
proven valuable in assessing patients who have undergone renal transplantation 
in whom there is a suspicion of renal artery stenosis. The tortuous complex anat- 
omy of graft anastomoses is better visualised by volume rendering tools 
(Fig. 26.9). 

26.3 

Discussion 

Unlike other rendering tools such as MIP and SSD, with volume rendering it is 
not essential to set single threshold parameters or routinely edit images. More 
importantly, since it is an interactive process, the effects of different thresholds 
and ranges can be explored by the user. 

Unlike MIP display, true anatomical spatial relationships are better visualised 
with volume rendering techniques, giving a clearer understanding of three di- 
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Fig. 26.9. Renal trans- 
plant artery stenosis. 
An end-to-side anasto- 
moses shows severe 
narrowing at the ori- 
gin of the transplanted 
vessel (arrow) 




mensional relationships since a wide range of tissues can be explored and viewed 
in real time. 

Volume rendering usually eliminates the need for the image editing essential 
to MIP images. When required, interactive editing can be performed by applying 
clip planes which remove slabs of data and permit centrally located structures to 
be visualised more readily. Clip planes can be applied to any depth level, thereby 
removing unnecessary or obscuring anatomy. Editing using most commercially 
available software tools prior to rendering is currently cumbersome and can take 
between 15 and 40 min. Since the volume rendering process is interactive, clip 
planes and parameters can be altered or restored rapidly with the advantage of 
immediate visualisation. 

Volume rendering techniques minimise the potential to overestimate vascular 
stenoses because volume-averaged voxels that contribute to vascular structure 
are incorporated into the image with a relatively lower attenuation. 

26.4 

Conclusion 

Refinements in computer processing with increased speeds of volume rendering 
have facilitated an interactive manipulation of CT data at the workstation, lead- 
ing some to believe that perspective volume rendering may become an alterna- 
tive to review of transverse sections for primary CT interpretation [17]. Simple 
manipulation of window level and width with the application of colour to voxels 
enables visualisation of complex vascular relationships and vascular stenoses. As 
the entire dataset is used during volume rendering, fewer inaccuracies in data 
analysis are likely. It is no longer necessary to select arbitrary thresholds stipulat- 
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ed with binary classification. Unlike in MIP images, it is possible to obtain prop- 
er 3D relationships, a major advantage in comparing the contrast-filled lumen to 
calcified plaques, which may be concentric in nature. Rotation of the image is 
rapidly performed interactively in any plane with visualisation of the entire data- 
set. The lack of a need for segmentation in most patients and the speed which 
vascular visualisation can occur has led to its rapid acceptance in our clinical De- 
partment. Further advances in computation speeds and the lower costs of hard- 
ware with improvements in software will dramatically alter the future use of CT 
datasets, increasing the versatility of clinical applications of these tools. 
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27.1 

Introduction 

Nonvascular interventional radiological procedures may be guided by various 
imaging techniques such as ultrasonography, fluoroscopy, computed tomography 
(CT), and magnetic resonance imaging (MRI). Because of high spatial resolution, 
superior reproducibility, a wide field of view, and applicability to air-filled and 
bone structures, CT-guided interventional procedures have become important 
clinical tools in recent years. A great disadvantage with CT-guided interventions, 
however, has been the lack of real-time imaging capability, which is available with 
ultrasound and fluoroscopy. Especially in body regions where extensive respira- 
tory movement is present, small target lesions may shift and disappear during 
conventional CT-guided punctures. This seems to be one of the most important 
reasons why CT-guided interventions are unsuccessful or must be repeated [12]. 
To overcome this limitation, C.A.R.E. Vision CT (Combined Applications to Re- 
duce Exposure), a CT-fluoroscopy system, was developed and installed on a Sie- 
mens Somatom Plus 4 CT scanner providing real-time image reconstruction and 
display of CT images on a monitor at a frame rate of three or six images per 
second. 

To evaluate the efficacy of this new technology, biopsy and drainage proce- 
dures were performed prospectively with either conventional CT guidance or 
with CT fluoroscopy. We report here our initial clinical experience in these inter- 
ventions. Reduction of radiation exposure in drainage procedures, decrease in 
examination time, and fewer punctures promise to make CT fluoroscopy a valu- 
able tool for future routine applications, establishing new horizons for future 
nonvascular radiological interventions. 

27.2 

Materials and Methods 
27.2.1 

Instruments 

A continuous rotation, fan-beam geometry CT scanner (Somatom Plus 4, Sie- 
mens, Forchheim, Germany) was modified by adding a high-speed array proces- 
sor to increase image reconstruction speed and image display (up to 6/s). This 
has resulted in virtually real-time reconstruction and display of CT images on a 
monitor. 
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CT fluoroscopic images are acquired at a gantry rotation speed of 0.75 s and 
generally at 50 mA and 120 kV. Three power steps up to 10.8 kW (corresponding 
to 50, 70, and 90 mA at 120 kV) are available. A display rate of three or six images 
per second with an interimage spacing of 0.17 s can be obtained while all stan- 
dard collimator settings (1-10 mm) may be selected. Image reconstruction is 
performed on a 256 X 256 matrix with images displayed in full screen resolution 
of a 1024 X 1024 matrix. 

Generated images are displayed on an in-room monitor next to the patient ta- 
ble directly facing the interventional radiologist. The field of view may be selected 
from 5 to 50 cm, and gantry tilt is possible. During fluoroscopy the patient table 
may simultaneously be moved in and out of the gantry controlled by a joystick. 
Duration of continuous fluoroscopy is limited to 80 s. However, after stopping ra- 
diation for only a few seconds, multiple other consecutive fluoroscopy sessions are 
available each without limitation in respect to 80-s intervals. Similar to conven- 
tional fluoroscopy, C.A.R.E. Vision CT is started by pressing and holding down a 
foot pedal. Reconstructed images are converted to standard television signals, and 
a video recorder interface card allows connection to a VCR for documentation of 
the complete set of images, acquired during CT-fluoroscopy. The last fluoroscopic 
image always remains displayed on the monitor (last image hold) until fluorosco- 
py is reactivated. Only last images are stored on hard disk (last image store). The 
basic configuration of the C.A.R.E. Vision CT set-up is shown in Fig. 27.1. 

Patient access during the interventions is facilitated by a large 70-cm-diameter 
gantry aperture with a wide flared opening, a scan plane, which is located close to 
front of the gantry, and a table design providing improved space between table 
pedestal and gantry. As a control, conventional CT-guided biopsies have been 
performed with the same Somatom Plus 4 scanner. Depending on patient consti- 



Fig. 27.1. Configuration of 
the CT fluoroscopy system 
CARE Vision 




Patient table 
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tution and target location, various single scans ranging from 150 to 250 mA at 
140 kV were obtained. Gantry rotation speed generally was 1-s per slice. No tar- 
geting guides such as lasers, skin marker plates, and angulation devices were used 
for conventional or CT fluoroscopic interventional procedures 

27.2.2 

Patients 

All patients receiving interventional CT-guided biopsy or drainage procedures 
were randomized to either conventional or fluoroscopic CT guidance while pa- 
tient preparation remained identical for the two modalities. All procedures were 
performed by experienced interventional radiologists who were already familiar 
with conventional and fluoroscopic CT-guided interventions. After a target lesion 
had been defined by preinterventional CT and marked on the skin, a virtual ac- 
cess route was planned. Generally, diagnostic interventional biopsies were per- 
formed with an 18- or 20-G high-speed biopsy needle (BIP, CCC Crowne-Core- 
Cut Biopsy Needle, Tiirkenfeld, Germany). Fluid collections were initially punc- 
tured with a 22-G needle, and a 0.014-in. soft-tip guidewire was consequently in- 
troduced into the collection to be exchanged for a 0.035-in. J-tip guidewire over a 
coaxial catheter introducer system (Accustick, Boston Scientific, Watertown, MA, 
USA). Depending on the initial size and content of the fluid collection, sump 
drainages with diameters between 10 and 14 Fr were introduced (Van Sonnen- 
berg Sump Drainage, Boston Scientific). Various CT single scans or CT fluorosco- 
py intervals were performed during the interventions whenever the operator 
needed to monitor the positioning of any interventional tools. 

Locations and diameters of lesions, total number of punctures, procedure 
time, outcome, and radiation doses were evaluated separately for conventional 
CT guidance and for CT fluoroscopy in thoracic, abdominal, and drainage proce- 
dures. 

27.3 

Results 

27.3.1 

Overall 

Twenty- two patients were examined between June and October 1997. Conven- 
tional CT-guided procedures were performed in half of these patients and CT flu- 
oroscopy in the other half. Twelve interventions were performed for drainage of 
abdominal or pelvic fluid collections, six patients underwent pulmonary biopsy, 
and from four patients biopsies of abdominal lesions were obtained. Due to a 
problematic anatomical situation in the neighborhood of a postoperative abscess 
within the right upper abdomen, conventional puncture and drainage of this fluid 
collection was not possible in one patient. This patient had to be excluded from 
the study protocol to be successfully treated with CT fluoroscopic guidance. All 
other fluid collections and biopsy targets were completed with either convention- 
al or CT fluoroscopic guidance according to the initial randomization protocol. 




228 



J. J. Froelich-K.J. Klose 



Image quality proved to be sufficient with both modalities despite the low CT 
fluoroscopy doses of generally 50 mA. CT fluoroscopy was able to monitor the com- 
plete biopsy and drainage procedures without requiring additional conventional 
CT or fluoroscopy and was performed in 1 1 patients. The CT fluoroscopic images 
sufficiently depicted important anatomical details within high- and low-contrast 
organ regions. Radial artifacts were occasionally observed during CT fluoroscopy. 
These were generally caused by moving objects within the gantry (e.g., fingers, nee- 
dle holders). A characteristic shading artifact was observed in virtually all punc- 
tures at the tip of the puncture needle, indicating a correct needle position 
(Fig. 27.2a, 27.3b). No technical problems were observed during the interventions. 




Fig. 27.2. CT fluoroscopic guidance for drainage of a presacral pelvic abscess after amputation of 
the rectum for carcinoma. The patient is placed in prone position, a Diagnostic spiral CT dem- 
onstrates fluid collection with a diameter of 4 cm and central density of 20-25 HU within the 
former bed of the rectum located between uterus and the sacral bone, b CT fluoroscopic image 
after puncture of the abscess with a 22-G needle from a right dorsal parasacral access route. The 
needle- tip sign (arrow) indicates correct positioning of the needle within the target area, c CT 
fluoroscopy demonstrates correct placement of a small guidewire coiled-up within the abscess 
(arrows) and the distal tip-marker of a coaxial drainage introducer system (M). d Correct posi- 
tioning of a 10-Fr sump drainage within the abscess. A 0.035-in. guidewire is still left within the 
abscess (arrows) 
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Fig. 27.3. CT-guided biopsies of pulmonary tumors with CT fluoroscopy (a) and conventional 
CT guidance (b) show no differences in image quality. In both modalities the needle-tip sign is 
located within the target lesions, again indicating correct position of the biopsy needles 



27.3.2 
Drainages 

Mean maximum diameters of abdominal fluid collections were similar for con- 
ventional and CT fluoroscopic procedures without significant difference. Regard- 
ing depth of the fluid collections, there was also no apparent difference between 
the two guiding modalities. Although all target regions could be punctured easi- 
ly with only one needle passage, procedure times were distinctly shorter with CT 
fluoroscopy than with the conventional CT-guided approach. Mean procedure 
time was 1 1.8 ± 4.4 min for CT fluoroscopic drainages and 17.6 ±8.1 min for con- 
ventional CT guidance. A mean of 2712 ± 1362 mAs was applied with CT fluoros- 
copy while 4875 ± 5804 mAs was used with conventional CT guidance. Mean flu- 
oroscopy time with C.A.R.E. Vision CT was 24.8 ± 11.5 s. No difference between 
CT fluoroscopy and conventional CT guidance was found regarding clinical out- 
come or patient recovery. After initial puncture of the target lesion introduction 
and coiling of guidewires, catheters, introducers, and drainages was demonstrat- 
ed well with CT fluoroscopy (Fig. 27.2a-d) while additional scans within differ- 
ent axial levels had to be obtained during conventional CT-guided interventions. 

27.3.3 
Biopsies 

Diameters of pulmonary and abdominal biopsy targets were also similar for CT 
fluoroscopy and conventional CT-guided procedures, and the depth of target le- 
sions was almost identical in the two groups. Slightly fewer pleural/peritoneal 
needle passes were necessary with C.A.R.E. Vision CT than with conventional 
CT-guided biopsies (1 versus 1.5). The mean procedure times for biopsy of pul- 
monary lesions proved to be distinctly shorter for CT fluoroscopy than for con- 
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ventional CT guidance (15.7 ±4.4 versus 31.7 ±24.7 min). Slightly higher doses, 
however, were applied with CT fluoroscopy (mean 5276 ± 2507 mAs) than with 
conventional CT guidance (mean 3692 ± 2004 mAs). Mean duration of CT fluo- 
roscopy was 40± 10 s with use of C.A.R.E. Vision CT. Assessment of histologic 
specimens, again, showed no difference between conventional and fluoroscopic 
CT. CT fluoroscopy depicted pleural bulging during needle passage and in small 
intrapulmonary lesions; downward displacement was observed during needle 
contact. No procedure-related complications such as pneumothorax and intra- 
pulmonary bleeding were observed in the six patients with intrapulmonary le- 
sions, studied until now. Correct positioning of the biopsy needle tip was easily 
observed with both guiding methods at a similar resolution (Fig. 27.3). 

27.3.4 

Special Procedures 

Generally positioning of the needle tip was found to be so precise that even 
slightly dilated intrahepatic bile ducts could easily be punctured with CT-fluoro- 
scopic guidance (Fig. 27.4a). Bile fluid was aspirated continuously, and injection 
of diluted contrast medium confirmed correct positioning of the needle tip with- 
in the biliary tree. However, although puncture and positioning of the needle tip 
was managed very easily, it was not possible to perform adequate percutaneous 
biliary drainage in two of three patients with pancreatic tumors and intrahepat- 
ic cholestasis since guidewire advancement in the coronal plane could not be de- 
picted sufficiently with axial CT fluoroscopy - even when using extensive joy- 
stick-controlled table feed. In one of these cases, however, a 6-Fr drainage was 
successfully placed within the right intrahepatic biliary tree without using addi- 
tional C-arm fluoroscopy (Fig. 27.4b). 




Fig. 27.4. a Percutaneous CT fluoroscopic puncture of a bile duct within the 6th segment of the 
right hepatic lobe. The needle tip is positioned precisely within the dilated bile duct (arrow). 
b Consequent introduction of a 6-Fr drainage and application of contrast material finally dem- 
onstrates correct intraductal positioning 
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27.4 

Discussion 

Nonvascular interventional radiological procedures such as biopsies and drain- 
ages maybe guided by various imaging modalities such as ultrasonography [4-6, 
8, 9, 11, 15, 16, 20], fluoroscopy [14, 17, 23, 25], CT [2, 3, 22, 24], combined CT and 
fluoroscopy [7], and magnetic resonance imaging [1, 10, 18, 19, 21]. Especially CT 
guidance has distinct advantages over other imaging modalities since it can be 
used simultaneously in soft tissue, fluid, air-filled, and bone structures. CT also 
offers superior reproducibility, a wide and variable field of view, easy patient ac- 
cess, and high spatial resolution and precision. 

Disadvantages in CT-guided punctures, however, are procedure-related radia- 
tion exposure and the lack of real-time imaging capability because a few seconds 
of postprocessing time are required for generation of a single CT image. Patient 
motion due to the inability of the patient to remain still and respiratory motion 
of target lesions especially within the base of the lung and the upper abdomen 
may therefore cause the target to disappear during the procedures. This problem 
becomes more aggravated with small-sized lesions. Such limitations may require 
repeat punctures, resulting in a decrease of the primary success rate and accura- 
cy. Additionally, complication rates are increased and procedure times become 
prolonged. As observed by Katada et al. [12], it would be more appropriate to re- 
fer to such conventional CT approaches as “CT-assisted” rather than “CT-guided” 
procedures. 

To overcome the constant lack of real-time imaging during CT interventions, a 
CT fluoroscopy system was developed, providing real-time image reconstruction 
and display of CT images on a monitor at a frame rate of three or six images per 
second. Our initial experience comparing conventional CT assistance and fluoro- 
scopic CT guidance in biopsy and drainage procedures shows distinct advantag- 
es for the new CT fluoroscopy system. Targeting and advancement of needles, 
guidewires, catheters, and drainages was clearly monitored with CT fluoroscopy. 
Procedure times proved to be shorter for drainages and for diagnostic biopsies. 
Fewer punctures were generally necessary for biopsy of pulmonary target lesions 
with CT fluoroscopic guidance. As observed in one case, a conventional CT-guid- 
ed access may become critical in problematic anatomical situations and cannot 
be performed safely without risk to the patient. Especially in such situations, 
C.A.R.E. Vision CT allows safe puncture of the target because the advancement of 
puncture needles is monitored in real-time CT fluoroscopy. 

Since positioning of needles, guidewires, catheters, and drainages is easily vis- 
ible in real-time mode, the operator’s skill, which is essential for CT-guided biop- 
sies and drainages, might be a less important factor for future interventions guid- 
ed by C.A.R.E. Vision CT. CT fluoroscopy therefore offers high success rates to 
even less experienced operator’s. Also, the precise placement of biopsy needles 
within special areas of a target lesion can be monitored to ensure positive biopsy 
of a tumor area rather than obtaining only tumor necrosis for the definite histo- 
logic report. 

With the introduction of CT fluoroscopy we have observed modifications in 
puncture technique compared with conventional CT-guided procedures. Espe- 
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cially in pulmonary lesions located within the base of the lung and close to the di- 
aphragm or in subphrenically located liver lesions respirational shift often caus- 
es targets to disappear from the puncture plane during conventional CT-guided 
procedures. As reported by Katada et al. [12], CT fluoroscopic puncture of such 
lesions may be performed during respiration while the target is shifting along. 
Especially in uncooperative patients a target lesion may suddenly be punctured 
whenever it appears within the axial CT plane after correct needle angulation has 
been established within the subcutaneous tissue. Also, obstruction of the needle 
access during conventional CT-guided procedures due to bone structures (e.g., 
ribs) often requires repeated punctures and additional confirmation of correct 
needle placement. 

With C.A.R.E. Vision CT the puncture needle however, may easily be guided 
across obstacles, retargeted and safely placed within the target area during a sin- 
gle CT fluoroscopic interval - repeat punctures and pleural passages may there- 
fore be avoided in most cases. Target shifting due to needle contact in hard tu- 
mors and needle pull-back due to rebound of subcutaneous tissue can clearly be 
observed with C.A.R.E. Vision CT [12]. The needle-tip sign which is observed in 
conventional and fluoroscopic CT-guided procedures helps to ensure correct po- 
sitioning of a needle tip within the target, especially when punctures must be per- 
formed from the axial plane. This sign is described as a shading artifact resulting 
from a sudden change in Hounsfield units between the needle tip and the sur- 
rounding tissue. Correct positioning within the target is indicated by the needle- 
tip sign [12]. Whenever the shading artifact at the needle- tip sign is absent, the 
needle is likely to be positioned outside from the axial plane and must be relocat- 
ed by sliding the patient couch in or out of the gantry by means of joystick con- 
trol. 

Persistent concerns exist regarding radiation exposure to patient and surgeon 
during CT fluoroscopy. As reported previously, the dose to the patient’s skin and 
the operator’s hands has been found to be as high as 1.14 ± 0.02 mGy/s [13]. The 
dose to the physician’s hand, however, may be reduced by using needle holders or 
special radiation protection gloves (Boston Scientific). As with C-arm fluorosco- 
py, radiation exposure remains a general disadvantage associated with CT-guid- 
ed procedures, although only low doses are applied during CT fluoroscopy [8, 10]. 
While the radiation dose in terms of total mAs may be slightly less with C.A.R.E. 
Vision CT than with conventional CT procedures for drainages, it is distinctly 
higher in biopsy procedures. The observed decrease in total mAs during drainag- 
es probably reflects the problematic situation in conventional CT-guided inter- 
ventions, where repeated punctures, introductions and relocations of various 
needles, guidewires, and coaxial exchanges are necessary for different drainages 
and multiple confirmations of correct positioning in single CT scans. With CT 
fluoroscopy the positioning of interventional instruments, however, can be mon- 
itored in real-time by simply sliding the patient table in and out of the gantry. The 
advantage of reducing total mAs as observed in drainage procedures, however, 
did not become apparent with CT-guided biopsies since target lesions generally 
had to be punctured only once to obtain sufficient biopsy samples with either 
modality. Extensive needle manipulations or replacements have not been neces- 
sary during our preliminary biopsy experience. 
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We have found that CT fluoroscopy generally facilitates nonvascular interven- 
tional procedures. By providing real-time monitoring a major disadvantage of 
CT-guided procedures has finally been overcome. Our initial clinical experience 
well demonstrates the apparent advantages of CT fluoroscopy over conventional 
CT-guidance in drainage and biopsy procedures of the abdomen and the chest. 
CT fluoroscopy has proven to be an efficient method for real-time monitoring of 
various interventional procedures at a reasonably high resolution. We believe that 
this innovative technology is generally applicable for true guidance of nonvascu- 
lar interventions. A possible combination of CT fluoroscopy with C-arm fluoros- 
copy may offer even further horizons for challenging future interventional radio- 
logical procedures such as instant and precise placement of percutaneous biliary 
drainages, TIPSS, and neurosurgical and embolization procedures. 
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- CTA (computed tomography angiography) 
45,59-69, 149,150,212-224 

- interactive 3D volume rendering, vascular 
applications 212-224 

- postprocessing 3DI 44,207ff. 

- radiosurgery planning 48 

- real-time 45 

3D rendering 45 

- - impact of, rendering of CT data on diag- 
nostic performance 207-211 

- - modeling 45 

- - volume rendering 45, 46 

- shaded three-dimensional surface displays 
93, 149 

- skeletal trauma with 3DI 176 

- virtual applications of SCT 149-153 
data interpolation 17 

D-dimer 112 
detector 

- array 10 

- multirow detector systems 143 

- photodetectors 9 

- solid-state detectors 9 

- UFC detector technology 9-15 

- xenon detectors 9 
dextrocardia 123 
diagonal branch 88 

digital subtraction angiography (DSA) 59, 
61,107 

diseases (see syndromes) 
display noise 18 
diverticulum 

- bladder 208 

- colon 208 



documentations 190-193 
dose 

- efficiency 10,11 

- helical CT, relationship between time, dose 
and quality 3-8 

- modulation 15 

- reduction in CT 3 ff., 16 ff., 27 ff., 35 ff. 

- by anatomically adapted tube current 
modulation 27 ff, 35 ff. 

first patient studies 35-40 

principles and first results 27-34 

- automated reduction 5 

- - vs. image quality in spiral CT 16-26 

- reference dose 27 
drainages 229, 230 

- biliary drainge 230 

DSA (digital subtraction angiography) 59, 
61,107 

- comparison of diagnostic usefulness 
between CTA, DSA and MRA 6 1 

dual-phase SCT 155 

- liver 155 

- pancreatic neoplasms 165-170 
duct / ductal 

- adenocarcinoma 167 

- common duct stones 150 

- interrupted duct 168 
dye dilution theory 133 
dynamic CT 50 
dyspnoe 101 



E 

EBCT (electron beam CT) 126 
ECG-oriented reconstruction from sub- 
second SCT scans 137-143 
ECG-triggered interpolation / ECG triggering 
94,126-135 

- applications 131-135 

- methods 128,129 

- monitoring 129 

- principles 128 

- prospective 129, 130 

- retrospective 130 
echocardiography, M mode 126, 127 
electron beam CT (EBCT) 126 
electronic noise 19 

embolism, pulmonary (see there) 85, 
98-105,222 

endoluminal visualisation 222 
endoscopic 

- movies 150, 151 

- virtual imaging 149 
epiglottis, infrahyoid 74 
equilibrium phase 162 
ERCP 169 

European Carotid Surgery Trial 216 
extraocular muscles 76 

F 

facial fracturs, examination protocol in mid- 
facial fractures 77 




238 



Subject Index 



false channel 92 

fast and SCT, contribution to diagnostic 
puncture of abdominal lesions 171-174 
film reading 209 
fine-needle aspiration 171 
first pass of tracer 50 
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59,61,149 

maps, functional 50 

mAs settings 14 

mass characterization 118 

maxillary sinuses 80 

maxillofacial trauma, SCT 76-82 

maximum 

- MIP (maximum intensity projection) 55, 

93.149.198.212 

- slope model 50 

MCA (middle cerebral artery) 56, 59 
mean transit time 50 
mediastinal 

- survey 124 

- tumors 117 

mesenteric artery, inferior 219 
metastasis 173 
microangiopathy 55 

MIP (maximum intensity projection) 55, 93, 

149.198.212 
misregistration 126 
modulation 

- amplitude 28, 30 

- - maximum modulation amplitude 28 

- dose modulation 15 

- functions 28 

- MTF (modulation transfer function) 1 1 
monophasic SCT, liver 162 

MPR (multiplanar reformatted reconstruc- 
tions) 77,93,177,196 
MRA (magnetic resonance angiography) 
59,61,149 

- comparison of diagnostic 
usefulness betwwen CTA, DSA 
and MRA 61 

MRI (magnetic resonance imaging) 225 
MTF (modulation transfer function) 1 1 
multiplanar reformatted reconstructions 
(MPR) 77,93,177,196 
mural thrombus 197 
muscle 

- infection 176 

- mass 131 
musculoskeletal 

- inflammation 177-181 

- system, SCT 175 ff. 

- tumors 181-184 
myocardial 

- infarction 107 

- perfusion 126 

- scintigraphy 133 



N 

NASCET criteria 216 

nasopharynx 71 

neck, head and neck (see there) 

neuroendocrine tumors 165 

neuronavigation 

- real-time 43-48 

- surgical 44, 45 
neuroradiology, spiral CT 43-48 
noise 

- display noise 18 

- electronic noise 19 

- image noise 16,20,24,28 

- pixel noise 36 

- propagation in CT imaging 28 

- quantum noise 19 

- signal-to-noise ratio 3 
non-circular cross-section 28 

North American Carotid Endarterectomy 
Trial 216 



O 

object 

- conspicuity 4 

- translucency 45 

ocular, extraocular muscles 76 
odontoid process 220 
optic / optical 

- coupling 10 

- nerve canal 77,79 
orbital 

- floor 77, 80 

- fractures 76, 80 
apex fractures 77 

- wall 80 
oropharynx 71 
osteochondroma, scapula 183 
osteolytic lesions 208 
osteomyelitis, thoracic spine 181 
osteosarcoma 119 

outflow, venous 50 



P 

pancreatic 

- carcinoma 165 

- neoplasms, dual-phase SCT 165-170 

- parenchyma 165 
pancreatitis 

- chronic 169 

- puncture induced 173 
parenchymal disease 1 17, 1 18, 162 

- liver 162 

- pancreatic 165 

- pulmonary 117,118 
patient throughput 14 
peak time 50 

pediatric chest, helical CT 115-125 
pentobarbital sodium 115 
perforating arteries 63 
perfusion / ventilation, lung 107, 108 
pericardial constriction 131 




240 



Subject Index 



perisplenic vesicles 165 
peritonitis 173 

PET (photon emission tomography) 54 
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